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As distributed generation (DG) hardware becomes
more reliable and economically feasible, there is a
trend to interconnect DG units to the existing utili-
ties to serve different purposes and offer more possi-
bilities to end-users, such as—

* improving availability and reliability of electric

power

peak load shaving

energy cost savings

selling power back to utilities or other users

reactive power compensation

mitigation of harmonics and voltage sag

However, a wide range of system issues arise when
DG units attempt to connect to the electric power
system (EPS). Major issues regarding the intercon-
nection of DGs include protection, power quality,
and system operation. These issues are barriers that
limit the penetration of DGs into the EPS.

Future electric power systems should be versatile
and flexible so electric energy can be freely gener-
ated, transmitted, distributed, and consumed. This
program will develop requirements that support the
definition, design, and demonstration of a DG-EPS
interconnection interface box that allows DG
sources to be interconnected to the EPS in a manner
that provides value to the end user without compro-
mising reliability or performance. The first major
task of this program is to study the DG-EPS intercon-
nection issues using a GE-designed virtual test bed
(VIB). The VTB is a simulation platform suite that
includes EPS, DG, and load models. This report
summarizes various DG-EPS interconnection cases
that were studied by conducting simulations utiliz-
ing the VIB. The results from these case studies will
enable us to make recommendations for improve-
ment to the IEEE P1547 standard as well as provide
inputs to the design of the interconnection interface
box.

Some key findings from these initial studies of the
impact of DG-EPS interconnect are:

* Widespread penetration of DGs at the load
appears to be benign with respect to system
response to bulk system disturbances.

® With significant levels of DG penetration, it will
be difficult to avoid detraction from EPS volt-
age regulation performance. While IEEE
P1547 presently requires that a DG not cause
the EPS voltage to all outside of the prescribed
regulation range, achieving this goal may
become increasingly difficult using conven-
tional approaches. EPS voltage regulation per-

1. Executive Summary

formance problems due to DG can be mitigated
if there is integrated control of system voltage
and reactive power management. IEEE P1547
may need to incorporate provisions where the
reactive power output of the DG is controlled
by the EPS operator.
Simultaneous tripping of DGs in a system
dependent on the DG output can result in
widespread and severe voltage problems. Pres-
ently, IEEE P1547 is biased in favor of fast trip-
ping in order to rapidly detect and eliminate
inadvertent islands. There may need to be fur-
ther consideration of the fine balance between
island avoidance and making the system vulner-
able to voltage collapse.
Anti-islanding schemes (of the type studied in
this project) appear to be effective at destabiliz-
ing islands containing multiple DGs and loads
with relatively complex dynamics while having
little impact on system response to bulk system
disturbances. This is a highly complex subject,
and further investigation is highly desirable.
Inverter-type DGs will have significant benefi-
cial impact on flicker caused by system loads,
only if they have a voltage regulation function
or if they have a control scheme where they are
operated as controlled voltage sources (i.e., as
virtual synchronous generators).
Modern inverter-based DGs do not contribute
to system fault current beyond the pre-fault
operating current level. However, the current
contribution of the DG system to a single phase
fault may be greater than the three phase case
which conflicts with IEEE P1547 requirement
that ground fault current contribution of a DG
shall not be greater than 100% of the fault cur-
rent contribution of the DG to a three phase
fault. This is because the DG is a nearly ideal
current source for the positive sequence, but is
generally a constant impedance or voltage
source for the zero sequence. Both are desir-
able characteristics, and the result reveals that
the wording of IEEE P1547’s single-phase to
three phase fault current ratio requirement is
more appropriate for conventional rotating
generators. The wording of this requirement
needs additional consideration with respect to
its consistency with inverter-based applications.
Take-aways for future DG designs:
— Single phase Sandia Anti-islanding scheme
can be effectively extended to 3 phase DG



1. Executive Summary

systems; many applications.

— Inverter based DGs will have significant — DG voltage regulation may reduce the
beneficial impact on flicker only if they effectiveness of active anti-islanding
include a voltage regulation function; schemes.

— Transformer-less DGs should pay special — Unbalanced grid will cause ripple power
attention to zero-sequence impedance and current distortion of the DG, a filter
design so an effective ground can be pro- can minimize this effect.
vided. ¢ The GE-designed interconnect interface box

— DG voltage regulation functionality may be will address some of the issues identified
beneficial in reducing the impact of DG above, such as integrated control of system
penetration on EPS voltage regulation per- voltage; reactive power management; and com-
formance. However, local control may not munication to a supervisory level to manage
be sufficient and a system level voltage microgrid power exchange.

control approach may be necessary in



21 OBJECTIVE

The objective of this report is to summarize various
DG-EPS interconnection cases that studied the
power quality, protection and reliability issues. The
GE designed VTB, a simulation platform suite that
includes EPS, DG and load models as described in
the Models and Virtual Test Bed 1rep0rt,1 was utilized to
conduct simulations for the studies.

22 TECHNICAL APPROACH

The set of simulations run on the VIB were based
on a case list compiled by the team from various
brainstorming sessions, IEEE P1547 Draft Standard
for interconnecting Distributed Resources with Elec-
tric Power Systems, Edison Electric Institute Distrib-
uted Resource Task Force Interconnection Study,
and literature searches.

The analysis was focused on determining the
impact of DGs on power system performance, and
the impact of power system events on the operation
of DGs. Investigations were designed to test DG
behavior on progressively more complex systems.
The progression starts with individual DGs, then
moves on to multiple DGs embedded in realistic
power systems. Finally, impacts of DG on entire bulk
power systems are explored. The full range of VIB

2. Introduction

capability was used in these investigations. Multi-
phase, point-on-wave simulations with very detailed
representations of DGs were used to investigate local
phenomena and to validate large system simulations.
The cases studied are grouped into two catego-
ries: power quality case studies and protection and
reliability case studies.
The power quality case studies include:
* Voltage regulation
® DG design considerations to meet power qual-
ity requirements
— Harmonics
— Flicker
— DC current injection
— Grounding
— Unbalanced grid
The protection and reliability case studies
include:
¢ Transient response and fault behaviors
— Capacitor switching
— Fault Behaviors
* Reclosing
¢ Anti-islanding studies
Power systems dynamics and stability






3. Power Quality Case Studies

A major issue related to interconnection of distrib-
uted resources onto the power grid is the potential
impacts on the quality of power provided to other
customers connected to the grid. Attributes which
define power quality include:

* Toltage regulation—The maintenance of the
voltage at the point of delivery to each cus-
tomer within an acceptable range.

® Flicker—The repetitive and rapid changes of
voltage, which has the effect of causing unac-
ceptable variations in light output and other
effects on power consumers and their equip-
ment.

* Toltage imbalance—The grid voltage does not
have identical voltage magnitude on each
phase, and a 120° phase separation between
each pair of phases.

* Harmonic distortion—The injection of currents
having frequency components which are multi-
ples of the fundamental frequency.

* Direct current injection—A situation which can
cause saturation and heating of transformers
and motors, and can also cause these passive
devices to produce unacceptable harmonic cur-
rents.

Case studies, using generic models, have been
performed to illustrate the potential impacts of dis-
tributed generation on these various aspects of
power quality. For some of these categories, the stud-
ies evaluate the effects as a function of DG penetra-
tion, allowing a quantitative understanding of the
situations where DG may have a significant impact
on power quality. While some of the case studies per-
tain equally to inverter-based and conventional
rotating DG, the primary focus of this investigation
is the inverter-based devices.

31 VOLTAGE REGULATION

A primary objective of distribution system design is
to supply customers at a voltage which is within a
prescribed range. The relevant standard, ANSI
(C84.1, specifies two voltage ranges: Range A, cover-
ing normal operation, and a wider Range B for
infrequently-occurring circumstances. Many public
utility regulatory authorities have codified the ANSI
C84.1 requirements, and can impose sanctions on
utilities for providing customers with out-or-range
voltages.

Normal variations in load, and DG operations,
fall into the category covered by Range A. The ser-
vice voltages for Range A, as specified by ANSI
(C84.1, are to be between 114 V and 126 V, on a 120

V base (0.95 p.u.—1.05 p.u.). The service voltages are
at the customer service entrance. Thus, the lower
limit of the primary feeder voltage must be main-
tained above 95% of nominal to account for trans-
former and secondary service cable voltage drops
under full-load conditions. Generally, this requires
that the minimum primary feeder voltage be main-
tained above at least 98% of nominal.

Distribution system voltage regulation design is
based on relatively predictable daily and seasonal
changes in loading. In general, loading on the vari-
ous sections of a feeder follow relatively similar pat-
terns. Without DG, power flow is always
unidirectional, and monotonically decreasing in real
power (kW) magnitude with increasing distance
from the substation. The addition of DG to a system,
however, can radically shift power flow patterns and
make them unpredictable. Interconnection policies
and regulations may allow DG operators to export
power into the grid, or cease export, at will. Depend-
ing on the spatial relationship of loads and DG,
power flow can increase or decrease along a feeder.
Net power flow can potentially reverse over a por-
tion of the feeder, or even over the entire feeder if
DG production exceeds the load present at that
time. These load flow variations can make it difficult
to maintain adequate voltage regulation. Also, the
unconventional load flow patterns can cause distri-
bution system voltage regulation devices, such as
step voltage regulators, load tapchangers, and
switched capacitor banks to respond inappropri-
ately.

Extensive case studies have been performed to
assess the potential impact of DG on distribution
feeder voltage profiles. The studies used, as a base,
typical distribution system designs which provide
acceptable voltage regulation at all points on the
feeder (spatially) and over the full range of feeder
load level (temporally). Distributed generation pen-
etration was increased and the impact on voltage
regulation was observed. From these case studies,
generalized conclusions were reached.

The studies have been performed considering
both generic models of a single radial distribution
feeder with uniformly distributed load, and a more
complex and irregular system comprising two radial
feeders from a common substation. The complex,
irregular system model is the “P2” system as defined
in the Models and Virtual Test Bed report,! and will
not be described further in this report. The simple
feeder models are described below.
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3.1.1 Generic radial feeder models and cases for
voltage regulation analysis

The voltage regulation cases are a full matrix of
combinations of the following:

Feeder design

Load level

DG penetration

DG spatial location

Scenarios of load growth relationship to DG
deployment

* DG local voltage regulation strategy.

Base feeder designs

The simple radial feeder models include design
variations typically encountered in practical distri-
bution systems. The models include a:

e Shorter radial 12.47 kV feeder, four miles in
circuit length, representing a heavily loaded
urban or dense suburban situation

¢ Longer eight-mile radial feeder (also 12.47 kV)
representing a typical lower load density situa-
tion (suburban or rural)

The eight-mile feeder model includes step volt-
age regulators (SVR) and capacitor banks to pro-
vide a valid voltage profile in the base, no-DG
condition. Where applied, SVRs were located at the
50% point of the feeder length. The four-mile
feeder represents a more rudimentary design, and
does not have voltage regulators or feeder capacitor
banks to control the voltage profile. Both feeder
models include regulation of the substation voltage
at the source end of the feeder, including load-drop
compensation (LDC) strategies in many cases.™

The first half of each feeder has per-mile imped-
ances typical of a 400 Ampere 12.47 kV overhead
feeder line. The second half has typical impedances
for a 200 Ampere capacity line. The line imped-
ances are summarized in Table 1. Reductions of
line capacity, for feeder sections remote from the
substation, is a typical design practice.

Table 1 Generic feeder model impedances

DG deployment
Voltage regulation was analyzed for the following
DG spatial locations:

¢ Distributed uniformly along the feeder

¢ Lumped at the beginning of the feeder

¢ Lumped at the middle of the feeder

¢ Lumped at the end of the feeder

The rated outputs of the DG were scaled to evalu-

ate the impact of penetration levels ranging from
zero to 100%. In this study, the DG penetration is
defined in as ratio of the sum of the DG output rat-
ings for all DGs on the feeder, divided by the base
feeder peak load.

Feeder loading

The peak load in the base (no DG) condition of all
the radial feeder designs is 7 MW, with loads uni-
formly distributed along the length of the feeder.
All system design and DG penetration variation
cases were tested at both peak load and at a mini-
mum loading level of 30% of peak. The load power
factor was 0.85 at peak load, and 0.95 at minimum
load.

A focus of this study was on the changes in the
distribution system voltage regulation performance
as the amount of DG in the system is increased. The
voltage regulation performance of each feeder
design was tested with two different load change
with DG penetration scenarios:

¢ The DG is added to the existing system, with
no offsetting change in load level (7 MW for
1 p.u. load).

¢ The DG and an equivalent incremental load is
added to the system (Thus for 100% penetra-
tion, at peak load, there would be 14 MW of
load connected to the feeder with 7 MW sup-
plied by the grid and 7 MW supplied by the
DG).

The DG installations were modeled operating at
rated output, regardless of the load level. This
reflects the possibility that DG operators, if allowed,

First half Second half Total feeder
Generic feeder model R (Q) X(Q) R(Q) X(Q) R(Q) X(Q)
4-mile feeder 0.5 1.0 0.8 14 1.3 24
8-mile feeder 1.0 2.0 1.6 28 2.6 48

* Load drop compensation is a voltage strategy where the voltage setpoint maintained by the substation load tapchanger
or a feeder step voltage regulator (SVR) is adjusted in proportion to the real and reactive current flow at that point. If
current were constant along the feeder, the effect of the LDC is to hold the voltage constant at an arbitrary, remote loca-
tion elsewhere on the feeder. For example, if all of the load were lumped at the end of a feeder, and the proportionality
constants of the LDC were 50% of the real and reactive impedance of the feeder, voltage would remain constant at a
point halfway along the feeder.
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Table 2 Feeder designs case table

Substation LTC Control Capacitor SVR Control
Load drop banks' Load drop
Base design | Design | Voltage | compensation settings kVAr Voltage compensation settings | DG Voltage
variation | setpoint | R(Q) X(Q) Voltage rating | setpoint | R(QQ) X(Q) Voltage | regulation’
limit limit

Case 1: 1.1 1.05 no LDC fixed 0 no SVR secondary
4 mile feeder 12 | 104 | 030 060  1.05 0 no SVR secondary
1.3 1.05 0.00 0.00 1.05 varied? no SVR secondary
Case 2: 2.1 1.01 075 150 no limit 900 no SVR secondary
8 mile feeder 21 | 102 | 060 110 105 1200 no SVR secondary
Case 3: 3.1 1.02 050 1.00 no limit 900 1.01 1.01 1.01  nolimit | secondary
8 mile feeder 32 | 103 | 025 050 105 900 1.01 101 101 101 | secondary

3.3 1.03 025 0.50 1.05 900 1.01 1.01 1.01 1.01 primary

1. Capacitor banks of these three-phase ratings were applied at the 20%, 40%, 60%, and 80% points along the feed-

er length
2. Location of the voltage regulated by DG.

3. Capacitor banks were added having the total KVAR rating equal to the incremental reactive load demand created
by the changes in peak feeder load with DG penetration. Total kVAR was divided into banks located at the 20%,

40%, 60%, and 80% points along the feeder length

may make maximum usage of their generation
assets and export power into the grid if not needed
for local loads. Thus, for penetrations exceeding
the minimum feeder load, the net power flow of the
feeder will be reversed at light load.

DG local voltage regulation
For each case, simulations were performed with two
voltage regulation assumptions:
* The DG is operated at unity power factor.
* The DG attempts to regulate the voltage at the
secondary of its distribution transformer to
1.0 p.u., using a regulator with a 5% droop.
The DG reactive power output is limited to 0.9
power factor, both leading and lagging.

For one series of cases, the DG voltage regulation
strategy was modified such that the DG attempts to
regulate the primary side voltage, with the same
droop and within the same reactive output limits.

Case table

Table 2 summarizes the feeder designs studied
along with the load drop compensation (LDC) set-
tings used, and the location (primary or secondary
voltage) regulated by the DG in the sub-cases where
the effect of DG voltage regulation was investigated.
Note that, for each line in Table 2, a total of 1,536
loadflow simulations were performed. This is illus-
trated by the case tree structure shown in Figure 1.

3.1.2 Generic feeder voltage regulation results
Voluminous results were generated by this study.
The main body of this report summarizes overall
observations and conclusions, and the specific case
results are relegated to appendices.

Each case generated a voltage profile plot such as
shown in Figure 2. Per-unit voltage levels are shown
as a function of distance along the feeder, with the
substation (source) end as zero distance. The global
measure of voltage regulation performance is the
voltage range between the minimum voltage at any
point on the feeder, at any point in the load level
range, and the maximum voltage at any point or
load level. Note that these two points will usually
not correspond to the same location or load level. If
this global maximum and minimum are within the
0.98-1.05 p.u. range, then the voltage regulation is

1.05
1.04 -
1.03
1.02
1.01 » —

1 4= - :_;_..P"I " sa
0.99 - =
0.98 X +— With DG
0.97 + = NoDG
0.96 -
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e
os
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>

Voltage (p.u.)
«n
.__Q. L
e
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Figure 2. Typical voltage profile plot.
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Figure 1. Voltage regulation case tree structure.

acceptable. As DG penetration level is increased,
the global voltage range will change, usually widen-
ing. A plot, such as that shown in Figure 3, can be
made of the global voltage range band as a function
of DG penetration. This plot clearly illustrates the
impact of DG penetration on distribution system
voltage regulation performance. The solid lines in
this plot indicate the voltage range with the DG
operating at 100% of rated output. The DG, how-
ever, may operate at any power level or be off line.
Therefore, if the voltage maximum or minimum
without the DG (0% penetration) is more limiting,
this no-DG condition establishes a wider voltage
range. This is shown as a broken line, labeled “Ref
Min” and “Ref Max” on the plots. Appendix A pro-
vides the global voltage range plots for all cases ana-
lyzed.

Voltags (p.u)

~ Fl
M

»~ Rl

-
TN - ——— S Max
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Figure 3. Typical global voltage range versus DG penetration.
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The global voltage range plots, however, often do
not indicate the root cause for the voltage range
excursions. A narrative, case-by-case discussion of
generic feeder study case results is provided in
Appendix B. This case narrative includes a number
of voltage profile plots, similar to that in Figure 2, to
illustrate significant findings of the cases.

313 P2system study1

In addition to the generic single-feeder analyses
described above, additional study was made of an
example distribution system having multiple feed-
ers sourced from common substation, irregular dis-
tribution of loads and DG, and a more complex
topology which included laterals from the radial
feeders. This system is the “P2” system as described
in the Virtual Test Bed Final Report. This system
model represents a system which has evolved to
become dependent on the installed DG. Unlike the
generic feeder studies described earlier, this system
is not designed such that the voltage profiles are
adequate without the DGs.

Loadflow analysis of the P2 system over a range
of load conditions produce results consistent with
results obtained in the previously-described generic
single-feeder analyses. Voltage profiles for the P2
cases are provided in Appendix C.

The P2 system, as noted earlier, has a high pene-
tration of DG. At peak load, the output of the DGs
account for over 40% of the total active power load
on the distribution system. For such a high penetra-
tion of DG, the contribution of active power
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becomes a major factor in managing the load pro-
file. As would be expected, a completely passive or
decoupled approach to managing the DGs can cre-
ate difficulties.

The importance of the DG contribution at peak
load is shown in the following two figures. Figure 4
shows the P2 system at peak load, with the five DGs
on-line and delivering rated power. The largest DG,
located at bus G2-2, also is delivering reactive power
—as would be expected of device of this size. The
figure shows a satisfactory voltage profile on both
feeders.

When all of the DGs are removed, but the loads
and the balance of the distribution feeder are kept
with the same configuration, the distribution system
has major problems. Figure 5 shows this condition.
The voltage has dropped to unacceptably low levels
on about half of the load buses in the system. The
voltages near to where the large DG at bus G2-2 had
been connected are extremely low. This extreme
case illustrates the obvious reality that when DGs
become a major source of power on a system, then
arbitrarily removing them from service (for any rea-
son, economic or technical) can cause serious prob-
lems. The customer at bus G2-2 in particular serves
to make this point. The relatively large load at the
bus is normally served by the DG there. When that
DG is removed, but the load is not modified accord-
ingly, the voltage at that customer and at all of the
customers in the immediate vicinity are significant
affected.

The appendix includes a sequence of load/volt-
age profiles showing the impact of the DGs as the
load varies from this peak condition down to 20%
of peak. In these cases, the DGs maintain their
rated output. When the load drops to 40% and
lower, all of the power requirements of the distribu-

closed

open

Power

tion system are satisfied by the DGs, and the excess
is exported to the grid.

One potential impact of the power flow reversal
that occurs when the DGs exceed the local power
requirements on the feeder, is to confuse step volt-
age regulators (SVRs). Many radial distribution
feeders are actually configured as loops with a nor-
mally open point. If the normal source for a feeder
is unavailable (e.g., the feeder breaker is out for
maintenance), the open point can be closed and
the feeder can be fed in the reverse direction from
another feeder, as illustrated in Figure 6. The SVR
at location A must now regulate the downstream
side voltage at location B, instead of the normal
downstream side at location C. To automate this
control logic change, some SVRs used on open-loop
distribution feeder systems have power flow sensing
logic which shifts the control scheme when the
power flow reverses. This control feature is based
on the assumption that power flows from the grid
down to loads on the receiving side. Further, the
SVR logic assumes that the grid is the strong or stiff
side, and that the voltage is to be regulated on the
receiving or downstream side.

If the flow reverses due to DG output exceeding
local load requirements, SVRs with this type of logic
will switch their controls to regulate the voltage on
the grid side, rather than the feeder side. The SVR
control will then become unstable and will run to its
regulating limit, depressing the voltage on the side
away from the distribution substation. This behavior
is shown in Figure 7. The voltage on feeder 2
beyond the SVR is unacceptable in this case. The
profile with a correctly operating SVR for this con-
dition is acceptable (as shown in Appendix C).

This regulator instability cannot be easily cor-
rected using local information. Communication of
feeder sectionalizing switch and breaker status to

Normally
closed open tie
< switch

B o Cc
D

Figure 6. Open loop radial feeder topology.
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Figure 4. P2 System at peak load with all DGs operating.
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3.1 Voltage regulation

the SVR is probably necessary, which can be an
expensive requirement if a communication infra-
structure or distribution automation system is not
available.

3.1.4 Summary of significant voltage regulation issues

Overvoltages due to reverse power flow

The voltage at the substation end of a feeder is typi-
cally regulated to a value which allows for the nor-
mal voltage drop along the feeder, such that the
voltage at the remote end of the feeder is within the
acceptable range at full load. At a give point on the
feeder, if the downstream DG output exceeds the
downstream feeder load, there is an increase in
feeder voltage with increasing distance. If the sub-
station-end voltage is held to near the maximum
allowable value, voltages downstream on the feeder
can exceed the acceptable range.

The threshold of penetration where this line-rise
overvoltage becomes an issue depends on how the
DG and load are distributed on the feeder. With
uniformly distributed load, and the DG lumped at
the remote end of the feeder, the DG output need
only be half of the current feeder load (typically
30% of peak), or about 15% penetration, for the
remote end voltage to exceed the substation volt-
age. This issue is most significant when the DG is
lumped at the end of the line, and is not an issue
when the DG is lumped at the beginning of the
feeder. With DG distributed uniformly along the
feeder, the line-rise overvoltage begins to be a sig-
nificant issue when penetration exceeds 50%.
These penetration thresholds are for a feeder with-
out fixed reactive compensation installed on the
feeder. Where fixed capacitor banks are used, the
light-load overvoltage problem will be exacerbated
and penetration thresholds will be somewhat less.

Interaction with LTC and SVR controls

Load drop compensation (LDC), typically used on
load tapchanger (LTC) and step voltage regulator
(SVR) controls, adjust the voltage setpoint based on
locally-measured real and reactive current flow. In a
distribution system without DG, it can generally be
assumed that the current flow at these control
devices follows the same trends as the current at
other points downstream of their location. Thus,
LDC settings can be calculated which give adequate
regulation at all points on the feeder.

The presence of DG can cause localized changes
in flow patterns which are not reflective of the gen-
eral trend on the feeder. As a result, the LTC or SVR
can be set such that a good voltage profile is not
obtained. If a large DG is exporting power at a loca-
tion immediately downstream from a voltage regu-

lating device with LDC, current flow through the
device may be greatly reduced or even reversed. As
a result, the device will not provide enough voltage
boost, and voltages at downstream locations may
drop below the acceptable range.

At light loads with high LDC settings, reversed
power flow can cause the voltage setpoint to be
below the acceptable range, subjecting loads imme-
diately downstream of the LTC or SVC to be sub-
jected to an undervoltage condition.

These LDC interaction problems generally occur
for a penetration of 30% to 50%. The threshold
penetration, however, can be less if the DG is
lumped immediately downstream of the LTC or
SVR.

As shown in the P2 case with light (20%) load, it
is possible for an SVR with a “reverse power sensing”
algorithm to incorrectly shift its control objective
and become unstable. This can result in severely
out-of-range voltages on a feeder system.

Effectiveness of voltage regulation by DG

Early drafts of the P1547 standard did not allow a
DG to regulate voltage, effectively requiring opera-
tion at a constant power factor or reactive power
output. While later drafts of this standard does
allow voltage regulation, it is generally perceived to
be unwise to attempt grid voltage regulation with a
DG.

All scenarios in the generic feeder study were
performed with and without voltage regulation by
the DG. The DG regulation effectiveness modifying
the primary feeder voltage was limited, however,
due to the following practical assumptions:

¢ The DG reactive power was limited to 0.9 pf
leading or lagging.

* The voltage regulator had a 5% droop, mean-
ing that the voltage must be 5% from the set-
point for the DG to reach full reactive output.

® The DG is connected to the primary feeder
through the impedance of a distribution trans-
former.

The impact of allowing the DG to regulate volt-
age was found to be mixed. In many cases, DG volt-
age regulation minimized or eliminated feeder
voltage regulation problems caused by the penetra-
tion of DG. In many other cases, regulation of the
local voltage by DG was ineffective in counteracting
the impact of DG penetration on feeder voltage reg-
ulation. In a significant minority of cases, DG regu-
lation of local voltage introduced as aggravated
feeder voltage regulation problems, primarily by
interaction with system voltage regulation devices
such as SVRs.
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Addition of load with DG

It might appear that addition of feeder load,
matched by an equal offsetting DG capacity, does
not have a system impact. This may not be the case
for the following reasons:

* The DG may be operated at full capacity while
its associated load is at a low value in order to
reap the economic benefits of exporting power
to the grid. This can result in overvoltages due
to line voltage rise due to reversed power flow,
and undervoltages due to interaction with
LDC schemes on LTCs and SVRs.

® Matching load and DG kW does not mean that
reactive power requirements are met by the
DG. DGs are often operated at unity power fac-
tor, or even slightly leading, for maximum pro-
duction economy and also to minimize the
chance of inadvertent islanding. Meeting
increased load demand with DG not supplying
the incremental loads’ reactive power require-
ments places the reactive demand on the utility
system. This can result in undervoltage condi-
tions, or even overvoltage conditions due to
interaction with LDC schemes.

* DG may not be located at the same location on
a feeder where incremental load is added. This
can cause local aberrations in the power flow,
affecting voltage profiles over the whole
feeder.

¢ There may be situations where the DG or DGs
are off line with the load connected. This can
result in widespread voltage problems in a sys-
tem dependent on the DG. It is possible for a
single system event, such as a voltage dip, to
simultaneously trip all connected DGs. Also,
certain economic conditions, such as a spike in
natural gas prices, might also cause a large
number of DGs to not be operated.

While DG might be viewed as a means to avoid
distribution system investment to meet future load
growth, it cannot eliminate this investment need
entirely. Public policy, regulations, and utility tariffs
need to be designed which appropriately assign the
incremental costs of distribution system infrastruc-
ture improvements needed to support the intercon-
nection of self-generating loads.

Recommendations for voltage regulation improvement
The underlying cause for DG-induced voltage regu-
lation issues is the autonomous operation of various
voltage regulation devices in a distribution system.
LTC and SVR controls operate with local informa-
tion, with the assumption that the local information
is a reflection of the performance elsewhere in the

system. A DG generally has the ability to supply or
consume reactive power, which can be used to help
regulate system voltage. The DG, however, would
normally respond only to local voltage conditions.
This response can be detrimental to voltage regula-
tion elsewhere on the system, particularly if the DG
is located near to a distribution system voltage regu-
lation device. The ultimate solution is an integrated
control approach where DG reactive power output
is used to assist overall feeder voltage regulation,
and system voltage regulation devices (LTCs, SVRs,
and switched capacitor banks) are controlled using
more complete information, including the voltage
profile throughout the system and the status and
output of connected DGs. Implementation of such
a scheme, however, requires a communication infra-
structure not currently available in most distribu-
tion systems.

3.2 DG DESIGN CONSIDERATIONS TO MEET POWER
QUALITY REQUIREMENTS

Power electronic DGs bring along with them a num-

ber of concerns that are critical to the quality of

power in the utility system:

¢ Unlike rotating machine based generators,
power electronic DGs have the capability of
injecting subsynchronous current and DC into
the grid. Distorted current injected by the DG
can lead to aberrant operation and damage
neighboring equipment.

e Presence of DGs can cause customer com-
plaints due to flicker in lighting loads. Proper
control of the DG can lead to reduction of
flicker.

¢ Emerging power electronic inverter topologies
used in DG applications can lead to grounding
issues that have not been considered in tradi-
tional utility grounding studies.

¢ Unbalanced grid voltage can impact power
quality depending on the DG inverter control
strategy.

These issues which have a substantial impact on
power quality are addressed in this section.

3.2.1 Current distortion from power electronic DG
All power electronic equipment create current dis-
tortion that can impact neighboring equipment.
These concerns and impact can be classified
according to the dominant frequency component
of the distortion current.

*  Subsynchronous current distortion—This can be
caused by a change in reference to the DG and
by nonlinearities in PWM power converters.
DG current control using methods such as
bang-bang modulation can lead to significant
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subharmonic content in the output current.
Low and very low frequency content in the
waveforms can lead to low frequency current
injection and flicker. These issues are dis-
cussed in section 3.2.2 and 3.2.3.

e Harmonics of the fundamental frequency—High
power electronic equipment and equipment
based on conventional line commutated
power converters have a large harmonic con-
tent. High frequency, PWM power converters
are capable of injecting relatively clean wave-
forms into the grid. One concern for DG
application is that some anti-islanding algo-
rithms purposely inject low frequency harmon-
ics into the grid to detect islanding situations.
The THD can become fairly significant
depending on the settings of these algorithms.
The recommended practice commonly
referred to for harmonic limits of power elec-
tronic equipment is IEEE519.% The DG
designer should ensure that the power con-
verter meets these recommendations.

*  Switching frequency harmonics—These are
inherently present at the output of the PWM
inverter due to the on-off control of the power
converter switches. An LC filter is typically
used to filter the switching frequency harmon-
ics. Care has to be taken in the DG design so
that there is no poorly damped resonance
caused by the filter capacitance and the grid
impedance. Passive damping or active damp-
ing through appropriate control of the DG can
prevent this resonance.

e High frequency distortion—Signals in the range
higher than 150kHz is considered EMI, which
can be of conducted or radiated type. Circuit
parasitic factors, materials and packaging, gate
drive design and other factors that are not eas-
ily controlled by the designer can affect the
EMI characteristic.* EMI filters can be used to
reduce EMI emissions and improve susceptibil-
ity. DG vendors are obligated to ensure that
the design of their equipment meets FCC stan-
dards

322 Flicker concerns for DG

Light flicker is a human sensation to luminous fluc-
tuations and variations. Flicker is an old subject that
is dated back to 1891—only four years after the AC
power distribution concept was demonstrated. The
luminous fluctuation could be periodic or non-peri-
odic. It is a quite complex problem to quantify
because it links both the objective and subjective
aspects of the phenomenon.’

On the objective side, the fluctuation of the

luminous output of a lamp depends on—
¢ The input AC voltage fluctuation; and
e Lamp type and ballast circuit for the lamps.

The AC line voltage fluctuation is normally the
root cause of light flicker, especially for incandes-
cent lamps. Therefore, a voltage flicker limit is nec-
essary to confine the light flicker. The lamp types
and their driving circuits determine luminous fluc-
tuations in response to the AC line voltage fluctua-
tion. For instance, the luminous fluctuation of an
incandescent lamp is more sensitive to a low fre-
quency voltage fluctuation (e.g., 5-15 Hz) than that
of a fluorescent lamp. A 60 W 230 V incandescent
lamp has a time constant of 19ms, while it is 28ms
for a 120V incandescent light bulb, and less than 5
ms for a typical fluorescent lamp.6

Excessive light flicker can be very irritating to
human eyes and causes customer complaints. On
the subjective side, the human perception, includ-
ing eye and brain response and brain storage effect
are involved. The sensitivity of human eye to flicker
is not uniform. First of all different people have dif-
ferent sensitivities. Also, not all of light flickers with
the same luminous fluctuation magnitude produce
the same irritating result to humans. The human
eye tends to be more sensitive to periodic flicker
than non-periodic flicker and the most sensitive
periodic flicker frequency is around 8.8 Hz. This
makes flicker measurement fairly complicated and
statistical studies are called for.

What flicker means to DG systems
Flicker is an important power quality issue. Exces-
sive flicker will cause customer complaints. For a
DG system running in standalone mode (islanded),
the disturbances of loads, such as start and stop of
an air-conditioner, refrigerator, compressors, wash-
ing machines and cook-top, cause sudden load cur-
rent changes to the DG inverter. In turn, these
sudden current changes cause voltage drops due to
the output impedance of the inverter, and thus, its
AC output voltage will fluctuate causing light
flicker. In standalone mode, the key to reducing
voltage flicker is to reduce the output impedance of
the PCS. The lower output impedance of the PCS
calls for faster control dynamics and large transient
current capability. They can be relatively easily
examined in the models and through simulation.
In grid parallel mode, flicker is less of a problem
since the grid supports the AC voltage. However,
the flicker problem may still take place for a weak
line. In this case the flicker is also associated with
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the DG inverter control loop design. The main con-
trol parameters that impact flicker are:
¢ Loop damping—which controls voltage over-
shoot/undershoot
® Set-point limits and reference changes in out-
put power
® Walk-in rates (i.e., rate of change limits for ref-
erence or load changes)
¢ Voltage support by DG VAR injection

Flicker due to energy source fluctuations

Fluctuations in the power delivered by a DG have
the potential to cause flicker in the power system in
a fashion very similar to that caused by load fluctua-
tions. DGs may impose unwanted power fluctua-
tions on the host power system (the local EPS or the
grid) when two conditions are satisfied:

* The energy source (e.g., the wind turbine or
fuel cell) has some mechanical (or chemical)
fluctuations in power output, and

* The electrical equipment (e.g., the dc bus and
inverter) does not have sufficient energy stor-
age to smooth out these fluctuations.

When these two conditions occur, the power fluc-
tuations must pass on to the system. One example
of such mechanical power fluctuations is that which
occurs in wind turbines when the blades pass the
wind shadow of the supporting tower. When this
occurs, the shaft torque experiences a momentary
drop and real power output of the wind turbine
generator will exhibit a periodic oscillation. This

particular phenomenon can present a significant
challenge in wind applications.

Specification of voltage flicker limit

Voltage flicker measurement and flicker limit speci-
fications are difficult to define due to the reasons
mentioned above. Fortunately IEEE and IEC stan-
dards provide some guidance.

IEEE standards

The P1453 Flicker Task Force voted to adopt the
IEC methodology in 1998. The IEC 1000-4-15 stan-
dard has been modified to accommodate North
American 120 V power systems.ﬁ’7 This will allow
full coordination with IEC 61000-4-15. The voltage
flicker limits are represented by two flicker curves —
borderline of visibility and borderline of irritation.
These curves are also called the “GE Flicker Curve”
since they are based on studies conducted by GE
starting in 1921, updated in 1930s and then again in
1950.5 This curve provides percentages for voltage
fluctuation limits assuming a certain repetition rate
for the transient event.® However, the difficulty is
that the voltage fluctuation percentage alone does
not reflect the true light flicker, let alone the
human perception. For instance, a lamp or the
human eye may not respond to a very narrow yet
higher voltage fluctuation than indicated in

Figure 8. The curve also does not address voltage
fluctuation at non-periodic rates. Therefore, a more
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sophisticated method to quantify the voltage flicker
is needed.

IEC Standards

(IEC Std. 61000-4-15, IEC Std. 61000-3-3, and IEC
Std. 61000-3-5) IEC standards specified a flicker
meter, which is a comprehensive way to measure
voltage flickers.”” ! The flicker meter is specified in
IEC 1000-4-15 (originally IEC 868); the voltage
flicker limit for equipment with rated current less
than 16A is specified in IEC 1000-3-3; and the limit
for equipment with larger than 16A rated current is
specified in IEC 1000-3-5. The IEC flicker meter is a
sophisticated measurement methodology consider-
ing lamp response, human eye and brain response,
human brain storage effect, etc. Although the origi-
nal limit and the lamp response function are
derived based on 230 V 60 W incandescent light
bulb, different lamp transfer functions can be easily
included. IEEE-P1453 task force is considering to
adopt this methodology and modify the limit and
lamp transfer function based on the 120 V 60 W
incandescent light bulb to fit North American
power systems.

Flicker performance of the P2 system

This section presents illustrative simulation results
from the P2 system. The potential impact of DG on
local flicker problems due to load fluctuations is
examined. Then, the potential for fluctuations of
the DG energy source to cause flicker is shown.
The relative behaviors of inverter based DGs com-
pared to rotating DGs are shown.

DG impact on load-induced flicker
Figure 9 shows the system response from the P2 sys-
tem when it is subjected to a disturbing load. In this
case, the one large load at bus G2-1 on the P2 sys-
tem is disturbing the feeder. The load exhibits peri-
odic steps in active power order. This behavior is
representative of a number of types of disturbing
loads, an arc welder being a good example and a
common cause of flicker on commercial and resi-
dential distribution feeders. For these cases the load
pulsations are periodic, at a rate of 0.6 Hz. The
three traces in Figure 4 are all voltages at the D1 bus
in the P2 system. The voltage traces represent three
different conditions for the P2 system:

e No DGs (blue trace with stars)

¢ Inverter type DGs (red trace with circles)

* Rotating type DGs (green trace with crosses)
The results of this test are consistent with the
overall characteristics of the two classes of DGs. The
voltage deviations at bus D1 (and all other points in
the distribution system) occur at time of the load
pulsation. The voltage fluctuation for the no DGs

case is 0.46%. This level of fluctuation would be well
above the threshold of visibility at this frequency,
and would be near the threshold of irritation for
frequencies in the approximate range of 3-8 Hz.

The addition of inverter type DGs at the five loca-
tions in the system has a slight beneficial impact on
the flicker, with the amplitude of the voltage devia-
tion being slightly decreased to 0.36%. The voltage
traces shown are for a load bus that is served by a
small DG. The difference in voltage performance at
other buses in the system not served by DGs is less.
The interaction of the DG with voltage deviation is
minimal. The DG behaves as a nearly perfect cur-
rent source under these conditions, as expected.

The addition of the rotating type DGs has a sub-
stantial beneficial impact on flicker. The amplitude
of the voltage deviation is reduced to about 0.08% -
aroughly 80% improvement. This substantial bene-
fit is because the rotating DGs, unlike the inverter
based DGs, increase the short circuit strength of the
distribution system. Again, the improvement at
other buses, not served by DGs is less. A complete
set of results for this case is included in
Appendix D.

A further investigation of potential DG impact
on flicker is presented in Figure 10. In this case, the
DGs have been provided with a voltage control
function. Provision of voltage is readily achievable
technically (and a requirement for isolated opera-
tion). The traces in Figure 10 correspond to the
same three conditions as in Figure 9. Of the three
traces, only the inverter-type DG trace shows a sig-
nificant difference in performance. As the previ-
ous case showed, the inverter type DG has relatively
little inherent response to the voltage flicker. How-
ever, the controls of the inverter can be made very
fast.

In this case, the amplitude of the voltage flicker
is reduced to about 0.16%: a dramatic improve-
ment. This is consistent with expectation. In large
power systems subject to voltage flicker, e.g. steel
mills or auto fabrication factories, the standard
practice for flicker mitigation when increasing
short circuit strength is not possible, is to provide
voltage control with power electronics. The most
common power electronic device in present prac-
tice is the static var compensator or SVC. Recently,
however, the use of SVCs is being supplanted by
voltage source inverter based devices, which the
power industry has termed ‘STATCOMs’ (for static
compensators). Inverter based DGs, when provided
with a voltage regulator function, are nearly func-
tionally identical to STATCOMs. Thus, providing
this capability has very substantial beneficial impact

17
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on the dynamic voltage performance of the distri-
bution feeder.

The voltage behavior of the rotating DGs in
Figure 10 is nearly identical to that in Figure 9, the
case without voltage regulation. This reflects the
fact that the speed of response of rotating DGs is
limited by machine time constants, not the controls.
Rotating DGs provide flicker benefit mostly because
of increased short circuit strength. This perfor-
mance cannot be appreciably altered by controls.
The complete results from this case are included in
Appendix D.

In summary, these cases illustrate a few key
points about DG impact on load induced flicker:

¢ Rotating equipment, including DGs, increases
short circuit strength and therefore improves
flicker performance,

¢ Additional control of rotating equipment is rel-
atively ineffective at further improving flicker
performance

¢ Inverter based DGs operating in a constant-
current mode without a voltage regulation
function have a very slight inherent benefit on
flicker performance,
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¢ Inverter based DGs have the potential to pro-
vide substantial benefit on flicker if equipped
with controls that provide voltage regulation or
some other functional equivalent.

DG-induced flicker

Above mechanisms which could cause the power
output of DGs to fluctuate are discussed. Figure 11
shows the potential impact of such a fluctuation on

the distribution system. There are two cases, one
with rotating type DGs (the green traces with
crosses) and one with inverter-type DGs (the red
traces with circles). In these cases, one DG in P2 sys-
tem (the large one at bus G2-1) is subjected to a
25% power fluctuation at 0.6 Hz. In the case of the
rotating DGs, this fluctuation is modeled as a per-
turbation in shaft power. In the case of the inverter
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based DG, the fluctuation is modeled as a perturba-
tion in active power output. Both systems have a
flicker response to the power perturbations. The
voltage fluctuations in this case are 0.22%, which
would be just below the threshold of perception in
the vicinity of one Hz. The case with the rotating
equipment also exhibits some damped oscillatory
behavior since the power fluctuations cause the
machines to swing. Both cases illustrate the poten-

Figure 11. Example of DG-induced flicker.
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tial for DGs to cause flicker, and the need to avoid
or minimize such power fluctuations from the DGs.

3.23 DC current injection

When DG power converters are directly connected
(without isolation transformers) to the utility grid,
there is the potential to inject DC current. This can
impact transformers and other magnetic elements
causing saturation and can cause torque ripple in
adjacent machine loads. There can also be continu-
ous DC voltage being applied under internal DG
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power converter faults. The protection of the sys-
tem has to be designed to clear such conditions. In
grid-parallel mode, DC current injection limits are
typically met by DG control functions. In stand-
alone operating mode, the output DC voltage and
its integral should be limited. This is to ensure that
loads with low DC impedance such as machines and
transformers do not saturate.

3.24 DG grounding issue

A grid-connected DG, whether directly or through a
transformer, should provide an effective ground to
prevent unfaulted phases from overvoltage during a
single-phase to ground fault. The effective ground
is defined as “grounded through a sufficiently low imped-
ance such that for all system conditions the ratio of zero-
sequence reactance to positive-sequence reactance (Xy/X;)
is positive and less than 3, and the ratio of zero-sequence
resistance to positive—seguence reactance (Ry/X;) is posi-
tive and less than 1.1

DG with a transformer

Figure 12 shows a DG with a delta-wye isolation
transformer. The grid distribution transformer is
grounded wye-wye, which is the most common con-
nection used for three-phase distribution trans-
formers in North America.

During a single-phase fault, an equivalent
sequence circuit can be derived (refer to
Appendix E) and is shown in Figure 13.

Where, Z;9 1ny is the inverter sequence imped-
ance, Zy90 1R is the DG output transformer
sequence impedance, Zj9( pr is the distribution
transformer sequence impedance, and Z;9( Gyiq 18
the grid sequence impedance. Iy is a controlled
positive-sequence current by the inverter. I1g 4 is
the fault phase sequence current and Vg 4 is the
fault phase sequence voltage.

Based on Figure 13, the following scenarios can
be observed:

DG

Inverter Distribution

Output Transtormer
Transformer

Inverter|

A Y

Local -
Load

Figure 12. DG with a transformer interconnected to the grid
through a distribution transformer during a single-phase fault
at the distribution primary side.

* When grid is connected, i.e. the circuit break-
ers stay closed, the grid will provide a ground-
ing source (sufficiently low zero-sequence
impedance). Therefore, the system is still effec-
tively grounded.

¢ When grid is disconnected, i.e. the circuit
breakers opened, the grid sequence imped-
ances are no longer part of the circuit. The dis-
tribution transformer provides a series path for
zero sequence, but does not provide a ground-
ing source.

¢ The zero-sequence impedance of the load can
vary largely. Therefore, a parallel low-imped-
ance grounding source should be provided.

¢ The inverter isolation transformer provides a
shunt zero-sequence path to the load zero-
sequence impedance. The transformer shunt
zero-sequence impedance is normally low
enough to provide effective grounding. How-
ever, the low zero-sequence impedance trans-
former will be subject to overload due to
system disturbance. Normally, the transformer
zero-sequence impedance is designed such
that the effective ground can be provided (low
enough), while it can also withstand system dis-
turbance (high enough). This is a tradeoff in
the DG transformer design.

DG without a transformer
For a DG without a transformer, for example, a
four-leg inverter (or other topologies providing
three-phase four-wire output without an output
transformer), the grounding performance has to be
examined. Figure 14 shows a four-leg inverter-based
DG without a transformer.
During a single-phase fault, an equivalent
sequence circuit can be obtained as in Figure 15.
Similarly, based on Figure 15, the following sce-
narios can be observed:
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Figure 13. Equivalent sequence circuit during a single-phase
to ground fault.
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Figure 14. Four-leg inverter-based DG interconnected to the
grid through a distribution transformer during a single-phase
fault at the distribution primary side.
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Figure 15. Equivalent sequence circuit of the four-leg DG
system during single-phase to ground fault.

* When grid is connected, the grid will provide a
grounding source. Therefore, the system is still
effectively grounded.

¢ When grid is disconnected, i.e. the circuit
breakers opened, the four-leg inverter should
be designed such that a low zero-sequence
impedance Z yyy is obtained for the DG to
provide an effective ground.

3.25 Unbalanced grid
Several factors can cause grid voltage to be unbal-
anced:

* Load imbalance is the most significant cause. A
large portion of the connected load on typical
distribution feeder is single-phase load, and
the individual phase loadings have consider-
able statistical variation. As a result, the current
flow is normally unbalanced, leading to
unequal series voltage drops in the phases.

¢ Line impedance asymmetry is a secondary, less
significant, cause for distribution voltage
unbalance!

The most significant impacts of grid voltage
unbalance on an inverter DG are:
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¢ Additional non-characteristic harmonic cur-
rents will be injected into the system, degrad-
ing power quality.

¢ Second harmonic ripple will be present on the
dc bus of the inverter. This can stress inverter
equipment, increase losses, and interact with
the dc source. For example, ripple can be det-
rimental to a battery used for energy storage,
and can cause torque pulsations in rotating
machines.

¢ Inverter phase current unbalance, due to the
voltage unbalance, will slightly increase
inverter losses.

This section will discuss the impact of unbal-
anced grid voltage on a PWM inverter-based DG,
since the unbalanced grid impacts on rotating
machines are well known.

Figure 16 shows the system one-line representa-
tion diagram under study. The DG comprises of an
AC prime mover, diode rectifier, DC bus with bulk
capacitor, and a three-phase inverter. The control
design for the inverter is based on a rotating d-q ref-
erenced frame. The phase-lock loop (PLL) control
is also based on d-q referenced frame, not zero-
crossing detection commonly used for a single-
phase system

The parameter variations are:

* Negative sequence grid voltage: 0%, 2.5%, 5%
(defined as the ratio of negative-sequence volt-
age over positive-sequence voltage)

Grid @
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Figure 16. System diagram for unbalanced grid case study.
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3.2 DG design considerations to meet power quality requirements

¢ PLL bandwidth (BW): 10 Hz, 30 Hz.

This section is focused on unbalanced grid
impacts on DG and the implications to DG design

Since the DG is controlled as a balanced (posi-
tive-sequence) current source, the product of posi-
tive-sequence current and the negative-sequence
voltage will cause two times fundamental frequency
power ripple. This 120 Hz ripple will appear at the
inverter input DC bus, mainly in form of ripple cur-
rent ig.. The DC bus voltage v is much less
affected due to bulk DC bus capacitor in a normal
design. In the case that a PLL is realized in a dq ref-
erence frame, the output of the PLL, o, will also
pick up some 120 Hz ripple. Due to the limited cur-
rent control bandwidth, the DG will have some neg-
ative-sequence current, iggo, response to the
negative-sequence voltage. Figure 17 shows the rip-
ple components (normalized) of the DC bus cur-
rent ig., PLL output ®, and the DG output current
unbalance (the ratio of negative-sequence current
over positive-sequence current).

The unbalanced grid will also cause harmonics
in the inverter output current. The higher the PLL
bandwidth, the better the tracking performance in
synchronizing voltage frequency. However, due to
the presence of unbalance grid voltage, the higher
PLL BW causes more DG output current distortion,
as shown in Figure 18. The DG with 30 Hz PLL
bandwidth has more output current THD.

Therefore, to reject the 120 Hz disturbance
caused by voltage unbalance, the bandwidth of the
PLL should be sufficiently lower than 120 Hz, if a
conventional dq PLL is used. Typically, three meth-
ods are used to obtain accurate PLL output when
there is voltage unbalance.

* Low pass filter. The cutoff frequency is one
order lower than 120 Hz. This normally

DG Response to Voltage Unbalance
(current controlled with PLL BW=10Hz)

6.00%
5.00% /(

4.00% + i a—w (-otr)
3.00% £ =2 < idc (i-ctrl)
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—X
2.00% + /’//%‘ + idg2 (i-ctrl)
1.00%

0.00% /

0.00% 2.00%

4.00% 6.00%

Voltage Unbalance

Figure 17. DG response to unbalanced grid . (w: 120Hz ripple
of PLL output; idc: 120 Hz ripple of DC bus current; idg2:
unbalanced DG output current (negative-sequence over
positive-sequence).

requires the PLL bandwidth to be around
10 Hz.

e Notch filter can be used to filter 120 Hz.!41?
This way, the bandwidth of PLL can be higher
than the method above.

¢ Algorithm to obtain only positive-sequence
voltage information and use it as PLL input.l
This way, the current reference is only synchro-
nized with positive-sequence voltage.

326 Summary

¢ The harmonic issue with DG is primarily an
equipment vendor design issue. Hence, itis a
requirement of the DG design that the har-
monics are below acceptable limits.

¢ Flicker and flicker assessment for PCS are dis-
cussed in general, including discussions on
IEEE and IEC standards.

¢ The illustrative simulation cases show that DGs
can have a generally beneficial impact on dis-
tribution system feeder flicker caused by other
disrupting loads.

¢ Rotating type DGs have an advantage in their
inherent ability to mitigate flicker caused by
rapidly changing loads. This is due to their
short circuit strength.

¢ Inverter type DGs can be operated to have
characteristics similar to a rotating machine.
Most DG inverter designs, however, are based
on a constant-current control mode which
does not inherently provide significant flicker
mitigation.

¢ Inverter type DGs will have significant benefi-
cial impact on flicker only if they have a voltage
regulation function or if they have a control
scheme where they are operated as controlled
voltage sources (i.e., as virtual synchronous
generators).

6

DG Current THD
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Figure 18. DG output current distortions with different PLL
control bandwidth.
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® The IEC standards only address 50 Hz 230 V

systems. The equations used in the recom-
mended approach are taken from IEC stan-
dard for European system. They need to be
updated to be appropriate for the U.S. 120 V
60 Hz system.

It has to be ensured that the DG does not
inject DC current into the grid.

Usually, the load zero-sequence impedance
varies largely and cannot guarantee low imped-
ance to meet grounding requirements. There-
fore, a DG, whether connected through a
transformer or directly connected to the grid,
should provide a sufficiently low zero-sequence
impedance in order to have an effective
ground.

For a DG with a transformer, the transformer
can normally provide the effective ground.
There is a trade-off between grounding
requirement and system disturbance rejection
requirement in the design of the transformer
zero-sequence impedance.

For a DG without a transformer, special atten-
tion should be paid to the zero-sequence
impedance design so that effective ground can
be provided. Unlike the DG with a transformer
providing the effective ground passively, the
DG without a transformer must shape the zero-
sequence impedance characteristic using an
active control approach.

Grid voltage unbalance will require predomi-
nantly 120 Hz ripple power from the DG. Due
to the ripple power, the DG DC bus capacitor
should be sized appropriately in order to limit
voltage ripple and consequent impact on other
DG equipment such as batteries and genera-
tors.

The ripple current iy, is proportional to the
degree of unbalance (negative-sequence volt-
age over positive-sequence voltage).

With a conventional dg-frame PLL, higher
bandwidth will cause higher 120 Hz ripple
component in the PLL output ®, and higher
output current THD.
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The power system will impose a complex set of con-
ditions upon DGs. The response of DGs to those
conditions, especially system faults, will dictate how
DGs are integrated. In this section, a range of nor-
mal power system stimulus are applied to DGs and
their behavior is observed. The possible impact on
the performance and reliability of the EPS is
explored and potential problems, benefits, and
improvements are noted.

41 TRANSIENT RESPONSE AND FAULT BEHAVIORS

4.1.1 Capacitor switching

Capacitor switching is a normal operation for a util-
ity system. The transients associated with these oper-
ations are generally not a problem for utility
equipment.17 These low frequency transients, how-
ever, can be magnified in a customer facility or result
in a nuisance tripping of power electronics based
devices, such as adjustable-speed drives (ASDs).!8

Transient overvoltage and over current related to
capacitor switching can be characterized by peak
magnitude, frequency and duration. These parame-
ters are useful indices for evaluating potential
impacts of these transients on power system equip-
ment.

Case studies have been performed to investigate
the impact of capacitor switching on the DG-
enhanced distribution system. Figure 19 shows the
system diagram with one-line representation. To
observe worst-case scenarios, no load is connected to
the feeder.

The following cases were studied:

* Switching in the capacitor when Ve, (phase
A) is at its peak

* Switching in the capacitor when Ve, (phase
A) is at its zero-crossing

* Switching in the capacitor when Vieeqe, (all
phases) is at its zero-crossing

* Switching in the capacitor without DG when
Vieeder (Phase A) is at its peak

Switching in the cap when Vi,p 4., (0ne phase) is at its
peak
All three phase capacitors switched in at
t=237.55 ms, when phase A voltage is at its peak.
Figure 20 shows the three-phase feeder voltages.
Initially, all three-phase voltages jump to zero
because capacitor voltage cannot change instanta-
neously. Then the phase A voltage overshoots to
nearly 2 p.u. Theoretically, it can reach 2 p.u. But
due to damping from system losses, the overshoot is
normally less than 2 p.u. This particular case shows
relatively light damping of the transient because the
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Figure 19. System diagram for capacitor switching case study.

model reflects a situation where the switched capaci-
tor is near to a substation, and the system impedance
is dominated by the low-loss impedance of the pri-
mary substation transformer and there are no loads
modeled. In a more typical situation, the overshoot
will be less than shown in this case. The whole
dynamic takes about less than two cycles to settle
down. The oscillation frequency is around 400 Hz.

The transient overvoltage may cause DG input
DC bus overvoltage. The DC bus voltage has been
reported in adjustable-speed drives (ASDs) applica-
tion.'® This phenomenon, however, is not observed
in the DG case, as shown in Figure 21. The voltage
overshoot is less than 0.5%, which is far below the
design margin. The ratings of DC bus capacitor and
switches are at least 10% higher than rated DC bus
voltage.

The reasons for the different responses between
adjustable-speed drives (ASDs) and DG are
described below.

® For ASDs, the line AC voltages are the input to
ASDs rectifier, typically a diode or thyristor rec-
tifier. The transient overvoltage at the AC side
can be directly reflected by the DC side. There-
fore, the DC bus overvoltage can be as high as
nearly 2 p.u. Due to the fact that the DC bus
capacitance will be smaller on an ASD, com-
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Figure 20. feeder voltage after switching in the capacitor when phase A is at its peak.
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Figure 21. DG DC bus voltage (p.u.).
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pared to a PWM DG inverter, the ASD will be
more vulnerable to dc-link overvoltage trip.

e For DG, the line AC side is DG’s inverter out-
put. The DG is controlled as a current source
to the grid. The grid voltage is the only input
for PLL synchronization. Usually, PLL has a
low pass filter and its bandwidth is much lower
than line frequency. Therefore, the transient
overvoltage and high-frequency (in this case,
400 Hz) oscillation will not affect the DG sig-
nificantly. The PWM inverter simulated in this
case uses controls (include current control and
PLL) in dq frame. If the controls are based on
zero-crossing in abc frame, then the DG may
be more vulnerable to the transient distortion.

Switching in the cap when Vfeeder (one phase) is at its
zero-crossing

When the capacitors switch in at phase A voltage
zero-crossing, there will be a less severe transient
phase A voltage and current. However, the tran-
sients in the other two phases are more pro-
nounced, and can also reach nearly 1.8 p.u.
overvoltage. There is no significant difference
between this case and the previous case.

Switching in the cap when Vfeeder (all phases) is at its
zero-crossing
To minimize the transient, a synchronous capacitor
switch might be used.!? Synchronous switching is
used more frequently in transmission systems, and
is not very common on distribution systems.

The waveforms in Figure 22 and Figure 23 show
significant improvement in the transient behavior.

Switching in the cap without DG when Vfeeder

(phase A) is at its peak

The event of switching capacitor without DG is also
simulated to compare the transients with the case
having a DG. Figure 24 shows the feeder voltages
for both cases. It can be seen that the DG adds addi-
tional damping to the transient. Typically, the DG
has nearly infinite impedance at 60 Hz due to its
current regulation. However, the transient fre-
quency (400 Hz in this case) is not within DG’s cur-
rent regulation bandwidth. Therefore, the DG has a
finite impedance at the transient frequency which
provides some beneficial damping effect. This
damping is likely to be much less significant than
the damping provided by loads.

Conclusions
¢ Energizing a shunt capacitor bank from a pre-
dominantly inductive source can result in an
oscillatory transient that can ideally approach
twice the normal system voltage. The problem

can be minimized by synchronous control of
the capacitors. Synchronous closing, however
is only occasionally applied on high-voltage
transmission systems, and not a common prac-
tice in distribution systems.

* Because capacitor voltage cannot change
instantaneously, energization of a capacitor
bank results in an immediate drop in system
voltage toward zero, followed by an oscillating
transient voltage superimposed on the 60 Hz
fundamental waveform. The peak voltage mag-
nitude depends on the instantaneous system
voltage at the instant of energization, and can
reach two times of the normal system voltage
under worst-case conditions. The transient fre-
quencies generally fall in the range of 300-
1000 Hz, depending on the inductance of the
system and capacitor bank ratings.

¢ Transient overvoltage due to capacitor switch-
ing is generally just below the level at which
utility distribution system surge protection,
such as arresters, begin to operate. However,
these transients will often be coupled through
step-down transformers to customer equip-
ment. While the impact of the transient on
some load, such as ASDs, is significant, its
impact on DG can be minimal due to the
nature of the DG control and operation.

¢ While the switching capacitor has little impact
on DGs dynamics, one noticeable benefit of
DG during capacitor switching is that DG adds
additional damping to the transient. The
dynamics of the event with DG is noticeably
improved comparing with those without DG.

41.2 Fault analysis

The impact of DG units on fault currents can be sig-
nificant. This can affect the reliability and safety of
the distribution system. The fault behavior of rotat-
ing generators is well known and well docu-
mented.2? Newer DG technologies will
predominantly be of the power electronic variety.
Hence, this study focuses the behavior of power
electronic DGs during fault in the utility system.
The DG considered for this study is a 3-phase 4-wire
with a delta-wye transformer at the DG output. The
DG inverter is current controlled to inject the
required real and reactive power into the grid. It is
normally controlled as unity power factor, thus the
reactive power reference is zero.

The fault contribution from a single small DG
unit is not large, however, the aggregate contribu-
tions of many small units, or a few large units, can
alter the short circuit levels enough to cause over-
current protection (fuse-breaker) miscoordination,
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Figure 24. Transient dynamics with (solid line) and without DG (dotted line).
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excessive fault currents, nuisance fuse operation,
and hamper fault detection. For example, normally
it will take five to six cycles for the upstream breaker
using an instantaneous trip setting to clear a fault,
hence a fuse needs to be sized so that its minimum
melt time is longer than the total breaker fault
clearing time (must be at least six cycles plus some
margin time). If the fault current increases due to
DG contribution to the fault current, its minimal
melt time may be significantly shorter than six
cycles and it will no longer coordinate with the cir-
cuit breaker. The coordination of the fuse and the
time overcurrent relay at different fault current
level is critical to power system protection. It is pos-
sible for the DG to maintain voltage on a distribu-
tion feeder and reduce the fault current level at the
substation. This can further delay the operation of
the time overcurrent relay. Some utilities have a pol-
icy where they would prefer a down stream fuse to
open and thus prevent disruption on the rest of the
distribution feeder. This study is focused on the fuse
saving strategy previously discussed. However, fault
current contributions of the inverter-DG under dif-
ferent conditions are studied and compared to
those of an induction motor load.
Figure 25 shows the system under study with one-

line diagram. The following cases were studied:

® Three-phase ground fault with DG

¢ Single-phase ground fault with DG

® Three-phase ground fault with DG and feeder

fault (X1=0)
¢ Three-phase ground fault with induction
machine
The system with both high source impedance

and low source impedance is studied.

Three-phase to ground fault with DG

The fault occurs at the remote end of the feeder.
The fault lasts for 0.2 s and is then cleared.

Figure 26 shows the fault, grid and DG currents.
Since the DG is current controlled, it will supply
constant current with a short transient when the
fault occurs and clears. It can be seen that the grid
supplies the majority of the fault current.

During the fault, the feeder voltage will drop.
The voltage drop is dependent on the fault imped-
ance and the line impedance to the point of fault
occurrence, which is proportional to the distance of
the fault. In this case, the voltage drop is not large
or long enough to trip the DG. The DG
under/overvoltage trip settings are based on P1547
requirements. Figure 27 shows per-cycle 1%t of the
fault, grid and DG currents. The per-cycle %t is cal-
culated every period of the fundamental output
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current. The per-cycle %t value provides informa-
tion on the coordination of the fuse and time-over-
current relay in the system.

In this case, the DG fault current contribution is
only a very small fraction of the total fault current.
Therefore, it is not likely to affect fuse-breaker coor-
dination. It has also been studied that the DG fault
current contribution has a larger percentage with
higher DG penetration and under weaker line con-
ditions.

Single-phase to ground fault with DG

Figure 28 shows the fault, grid and DG currents
during a single-phase fault. It is found that the DG
current contribution to the fault is slightly larger
than that due to the three-phase fault. This is due to
the DG delta-wye transformer, which provides a
path for zero-sequence current. The zero-sequence
currents of DG, grid, and fault are shown in

Figure 29. The magnitude of the zero-sequence cur-
rents depends on the X0 to X1 ratio.

Similarly, during the single-phase fault, the 1%t
contribution of the grid and the fault are almost
identical. The I?t of the DG is miniscule by compar-
ison.

As a conclusion, under both three-phase and sin-
gle-phase fault, the inverter-based current con-
trolled DG has little impact on fault contribution
and fuse-saving strategy.

Three-phase to ground fault at the feeder. (X1=0)

When the fault is right at the feeder (X1=0 for the
feeder in Figure 1) where the DG is connected, the
DG will trip due to undervoltage. The tripping time
for voltage under 50% is user defined but the maxi-
mum is 0.16 s as required in P1547. This maximum
limit is to ensure that the DGs are offline before any
recloser action. Disconnecting the DGs too fast can
reduce the benefits to the power system provided by
the DG during faults, as described in the “Power sys-
tems dynamics and stability” case study section.
Figure 30 shows the per-cycle 1%t contribution at the
fault, grid and DG. Again, the fault current contri-
bution is predominantly from the grid. The DG's
current contribution, which is already small, is fur-
ther reduced when the DG trips offline.

Three-phase to ground fault with induction machine
Utilities have experience evaluating the impact of
motor loads on the distribution feeder fault cur-
rent. Hence, a study was carried out to compare the
DG with an induction machine load at the same
power level. The machine considered in the case
study is an aggregate of many small machines. The
parameters of the individual machine are listed in
Table 3.
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Table 3 Parameters of the induction

machine

VIl_rated 480 V
Power 15 hp

Rs 0.0301 pu
Rr 0.0064 pu
Xm 2.3120 pu
Xls 0.0665 pu
Xlr 0.0116 pu
Jpu 2.6672 s
Dpu 0.0197 pu

The machines are connected in a three-phase
three-wire configuration. The machine models
include both stator and rotor flux dynamics. Mag-
netic saturation is not captured in the simulation.
The modeled mechanical load has a quadratic
speed-torque relationship. Figure 31 shows the one-
line diagram of the system under study.

Figure 32 shows the fault, grid and motor (trans-
former high side) currents. It can be observed that
the motor phase current has a phase jump at the
beginning of the fault, signifying that the motor
momentarily feeds power into the grid. There is an
initial drop in the current magnitude because of
the drop in the voltage magnitude. However, it can
be observed in Figure 33 that the per-cycle I’t
increases as the fault proceeds because of the
increased motor slip, caused by the sag in the motor
terminal voltage. Once the fault is cleared, the ter-
minal voltage increases leading to an inrush into
the induction machine. Figure 34 shows the motor
torque and speed response to the fault. It is clearly
seen that the fault current contribution from motor
is larger than inverter-DG.

413 Summary

The 1%t contributions of the DG and the grid into
the fault are summarized in Table 4 for the various
cases studied. These values represent the contribu-
tion during the fault condition in the system.

Table 4 Comparison of the It contribution 'during the different fault cases

Fault Grid DG/IM
With DG & low source impedance 5.13 Meg 4.99 Meg 3348
Without DG & low source impedance 5.1 Meg 5.1 Meg 0
With Induction Machine 5.04 Meg 5.3 Meg 15873
With DG & high source impedance 407 2715 35.85
Without DG & high source impedance 3n 3n —
Single phase to ground fault 2.35 Meg 2.14 Meg 7246

1. 1%t has been calculated over a 200ms fault duration

As can be noted from the above table, for the
case with the low source impedance, the contribu-
tion of the DG is negligible. However, for the case,
where the grid connection is through a weak line
(highli%hted rows), there is a significant reduction
in the I“t contribution by the grid with the DG
present in the system. This might affect the fuse co-
ordination in the EPS, especially for the case of
large DG penetration.

414 Conclusions

¢ Current output from the inverter-DG remains
at the load current setpoint, except for a minor
and brief transient.

e For inverters, the fault contributions will
depend on its operating current level and the
DG under voltage protection trip settings.

¢ The single-phase fault will cause zero-sequence
current in a four-wire system. Because of the

34

zero-sequence current, the faulted phase DG
current is larger than the one with balanced
three-phase fault.

¢ For induction motors, the significant current
lasts only a few cycles and is determined by
dividing the pre-fault voltage by the transient
reactance of the machine. The fault current
contribution is usually much larger than that
of current controlled inverter-DG. It is com-
mon practice to ignore the fault current con-
tribution of induction motor loads, particularly
small, distributed motor loads, in distribution
overcurrent conditions. The results show the
DG is much smaller than that of the motor
loads. Thus, there is ample precedent for con-
sidering current-controlled inverter-based DG
as an insignificant short circuit current condi-
tion. However, the fault impact of DGs needs
to be reevaluated in case the DG controls are
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4.2 Anti-islanding protection of DG

changed to accomplish other functions such as
voltage support.

® I°t contributions for weak system might be con-
cern with increased DG penetration.

* Modern inverter-based DGs do not contribute
to system fault current beyond the pre-fault
operating current level. However, the current
contribution of the DG system to a single
phase fault may be greater than the three
phase case which conflicts with IEEE P1547
requirement that ground fault current contri-
bution of a DG shall not be greater than 100%
of the fault current contribution of the DG to a
three phase fault. This is because the DG is a
nearly ideal current source for the positive
sequence, but is generally a constant imped-
ance or voltage source for the zero sequence.
Both are desirable characteristics, and the
result reveals that the wording of P1547’s sin-
gle-phase to three phase fault current ratio
requirement is more appropriate for conven-
tional rotating generators. The wording of this
requirement needs additional consideration
with respect to its consistency with inverter-
based applications.

4.2 ANTI-ISLANDING PROTECTION OF DG
Islanding of a grid connected DG occurs when a
section of the utility system containing such genera-
tors is disconnected from the main utility, but the
independent DGs continue to energize the utility
lines in the isolated section (termed as an island).
Unintended islanding is a concern primarily
because it poses a hazard to utility and customer
equipment, maintenance personnel and the gen-
eral public. Poor power quality can damage loads in
the island. Another concern is the out of phase
switching of the recloser leading to damage to the
DG, neighboring loads and utility equipment. Any
feature available to reduce the run-on time of an
islanded system can be termed as “anti-islanding.”
Many techniques have been proposed to prevent
islanding caused by DGs.242% An algorithm pro-
posed by the Sandia National Laboratories is ana-
lyzed in this study because it is considered to be
effective. Sandia’s active islanding algorithms had
been developed for single-phase inverter units. The
algorithm consists of the Sandia frequency shift
(SFS) and the Sandia voltage shift (SVS) schemes.
The principle behind both the methods is an accel-
erated frequency and voltage drift respectively cre-
ated with positive feedback. In the presence of the
utility, the frequency and voltage shifts are not effec-
tive in drifting the two parameters. However, once

the grid is disconnected, these methods force the
frequency and/or voltage to shift outside the oper-
ating windows, causing the inverter to disconnect
due to o/u voltage and frequency protection.

Since these were originally developed for a single
phase inverter, the technique adopted to measure
frequency is based on the zero crossing of the volt-
age waveform, and the voltage magnitude is
obtained from RMS calculations. This method has
been extended to three phase DGs by GE and has
been studied under the NREL contract.

4.2.1 Analysis of Sandia anti-islanding algorithm
A block diagram representation of the Sandia’s
algorithm is shown in Figure 35. The first step is to
determine the gain settings for the Sandia voltage
scheme (SVS) and the Sandia frequency scheme
(SFS) algorithms. The critical gains of the Sandia
anti-islanding algorithm are:

e K;for the SFS

* K, and K, for SVS

* g for the wash out functions

* ®p for the power regulation loop

The critical gains for SFS and SVS have to be

determined for RLC loads (set according to IEEE
P1547) so as to mitigate islanding situations. The
gain settings of the algorithm, shown in Figure 35,
have been obtained by performing a small signal
analysis of the DG system with the tuned RLC load
(according to IEEE 929 ? and IEEE P1547 anti-
islanding test specifications).

The algorithm gains are determined by investi-
gating the open loop behavior as a function of fre-
quency. The voltage magnitude and the phase
signal flow paths were opened so as to obtain the
SVS and SFS gains, respectively. The Sandia voltage
and frequency schemes are explained in detail
below.

Sandia’s frequency shift (SFS) algorithm

The block diagram of the SFS algorithm is shown in
Figure 36. The frequency estimate from the phase
lock loop is passed through a washout function to
determine changes in the ambient frequency. This
information multiplied by the SFS gain, is added to
the frequency reference of the current injected by
the DG inverter. As the DG commanded frequency
on average cannot be different from the grid fre-
quency, the phase angle has to be periodically reset
for meaningful power transfer from the DG to the
rest of the grid system to occur. In the single phase
case, this reset of the phase angle in the DG current
reference waveform occurs at the voltage zero cross-
ings.
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In the SFS modification for a three-phase DG,
the frequency of the system is determined using a
continuous tracking Phase Locked Loop (PLL) in a
synchronous reference frame. This frequency esti-
mate is then passed through a washout, to deter-
mine the trend in system frequency. The change in
estimated system frequency is multiplied by the SFS
gain constant (K)) to obtain the increment or decre-
ment in the output frequency of the DG inverter's
current injection into the grid.

The Ry/20, block in Figure 36 is an equivalent
representation of the actual DG system behavior
that captures the change in the phase correspond-
ing to the error in frequency. The derivation of this
block in the grid parallel mode (GP) is based on the
equivalent phase angle change (¢) calculated in
response to a change in frequency (Aw) as a func-
tion of the system frequency (). This can be
explained by considering the single phase imple-
mentation where the frequency command from the
SFS is higher than the nominal frequency and reset
period of 180°, as shown in Figure 37.

_ AoT
"~ 2n/Ry

where, T'is the period and Ry is the reset angle.
Simplifying for the period in terms of ® we get

A®R
0 = 0

Og

The effective phase shift ¢ = A8/2. For the situa-
tion of a 180° value for Ry, the phase shift is given by

AT
=5~

20)g

at 60 Hz the relationship is ¢ = 4.1666e-3 Aw.

In the stand-alone mode (SA), the phase angle
error is the by integral of the frequency error. This
is then added to the reference phase angle, and the
power factor angle reference, to provide the refer-
ence command for the phase angle of the current
injected by the DG. The magnitude of the DG cur-
rent is determined by the SVS loop, as explained
below. Note that the SA mode considered in this
analysis is during the transition of from grid parallel
mode. In this condition the grid has been discon-
nected but the DG has not yet made any decision
for mode transition and continues to injects current
out of its terminals.

Sandia’s voltage shift (SVS) algorithm:

The block diagram of the SVS algorithm is shown in
Figure 38. The input to this block is the magnitude
of the system voltage. The error in the system volt-
age determines the shift in the reference power, to
drive the DG voltage further away from the operat-
ing voltage range. The voltage magnitude, after a
low pass filter, is also used to determine the magni-
tude of the reference current settings for the DG.
This is to ensure that the desired level of real and
reactive power is being delivered by the DG. As
compared to the SFS, the gain in the feedback loop
is not a constant, but is a function of the real power
reference setting. This is to reduce the dependence
of the SVS algorithm on the reference power set-
ting.

The anti-islanding algorithm works by forcing
the island with the DG to become unstable when-
ever the grid is disconnected. Hence, for the active
anti-islanding to be effective, the open loop gain
has to be greater than one. Once the SFS and SVS
gains are obtained, the time domain simulations for
RLC and motor loads are considered in order to
verify the behavior of the algorithm using detailed
three phase load and DG models. The next section
interprets the characteristics of the SFS and SVS
active anti-islanding algorithms based on frequency
domain analysis.

4.2.2 Implications of the gains settings of the Sandia
anti-islanding algorithm

One of the goals of the analysis of block diagram
representation of the anti-islanding algorithm is to
evaluate the dependence of the gain settings of the
SES and SVS on the type of load. Passive and active
loads are considered. The gains should be designed
for the worst case load for the schemes to be effec-
tive under all circumstances. R and RLC loads are
evaluated for passive loading. High and low inertia
three phase induction machines loads are evaluated
for active loads. Driving induction machine loads
with current source DG, without explicit speed con-
trol loops, are not feasible on a sustained basis.?®
This makes the task of evaluating the anti-islanding
algorithm with induction motor loads, at different
DG and load parameters, a challenging task using
time domain small signal techniques. Hence this
task is deferred to the section on time domain anal-
ysis. Therefore all the discussion below is for RLC
loads with the L and C set so that the load has a
quality factor of 2.5 as defined in IEEE 929 and
IEEE P1547 testing requirements. For the purpose
of analysis, the SFS and SVS loops are considered
decoupled except at the load. The voltage magni-
tude fed back into SVS is held at the nominal value
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during the study of SFS algorithms. The frequency
measurement into SFS is held at the nominal value
(60 Hz) during the analysis of the SVS algorithm.

Figure 39 shows the open loop gain frequency
response of the SFS algorithm with the RLC load at
50% and 100% power level. The gains are the open
loop gains obtained by breaking the 0, signal flow
path in Figure 35. All gains referred to in the analy-
sis are calculated in per unit on the DG base. It can
be seen the response is nearly flat for low frequen-
cies (10 Hz and below) and droops down at higher
frequencies. Gains greater than 0 dB are inherently
unstable because it results in positive feedback
under closed loop conditions with phase angle
approximately zero (not shown in the plot). It can
be observed that the load power levels did not
affect the loop gain of the SFS algorithm. This
implies that the power level of DG operation does
not affect the SFS.

Similarly, Figure 40 shows the open loop gain fre-
quency response of SVS algorithm. In this case the
loop gains are obtained by opening the IVl signal
flow path shown in GE's interpretation of the block
diagram representation of the Sandia anti-islanding
algorithm. The loop gain characteristics of the SVS
algorithm is flat at low frequencies (below 5 Hz).
The magnitude of the gain is higher than 0dB indi-
cating that the SVS algorithm will be effective (i.e.
unstable) for the gains shown in Figure 40.

Figure 41 indicates additional characteristics of
the SVS loop gain, as a function of the gain con-
stants Ky and Ky,,. It can be observed that the SVS
loop gain characteristics have a tendency to reduce
as load is increased. At light loads, it can be
observed that there is lower sensitivity of the SVS
loop gain to variations in k, (keeping k, = 1). It can
be observed from Figure 41 that at overloads the
SVS loop has lower sensitivity to k, (keeping
K,p = 1). In general it was observed for all loads,
there is a cross over of the dominant gain from K,
to K, at the value of 1. At full load, the loop gain fol-
lows the same path for variations in either K, or K.
This can be explained by the fact that at rated load,
the equivalent gain offered by the algorithm is just
the sum of K; and the product of K, and Power. At
100% power the gain in each of these paths equals
unity.

The plots on Figure 42 are obtained by keeping
one gain (either K, or K,) constant at 1pu and
varying the other gain at different output power lev-
els. Figure 42 (a) and (b) indicate that as the load-
ing on the DG increases, the loop gain has a
decreasing trend. This means that the SVS algo-
rithm tends to be less effective for higher loadings.

This can be explained because of the larger capaci-
tor in the RLC circuit at higher loads, which makes
it difficult to drift the voltage away from the nomi-
nal value. Ideally, the gains should have remained
constant even for any change in power output.

Figure 42(c) shows the effect of increasing K, at
different load levels. The curves at different power
levels tend to converge as the gain is increased.
Figure 42(d) shows the effect of increasing Kv at dif-
ferent load levels. The curves at different power lev-
els tend to diverge as the gain is increased. Hence,
an optimum tradeoff between K; and Ky, has to be
obtained that minimizes the sensitivity of SVS to
load power level. The term K, which multiplied by
Power, tries to make it more insensitive to load
power level when compared to using a single gain
constant in the feedback path of the SVS as
described in the explanation for Figure 41.

Figure 42 (c) and (d) indicate that higher the
gain the higher the instability causing faster detec-
tion of an islanding situation. However, setting the
gains too high leads to greater harmonic distortion
in the DG load current.?’ Hence, a minimum
acceptable gain has to be selected.

Washout and power regulation time constants

The schemes use a number of parameters (®g, W,
Kyp: K, Ky) that have to be set appropriately for the
algorithm to operate properly. The corner fre-
quency oy is set to differentiate between a change
in measured frequency or voltage due to variation
in DG’s operating point and other slow dynamics of
the power system. Hence, o is set to 0.1 Hz.
Hence, voltage or frequency changes that occur in a
time of less that 10s can excite the anti-islanding
algorithm. If the voltage or frequency change sus-
tains for longer than 10 s then it is considered a
change in the nominal operating condition. The
corner frequency M is set to 0.01 Hz. This is used
to filter the measured voltage amplitude, which is
then used to obtain the current command from the
power command. In case the DG terminal voltage
rises, the anti-islanding algorithm tries to increase
the power command, while the power regulation
loop through wg lowers the reference current mag-
nitude to maintain constant real and reactive power
level. The corner frequency of g has been set to
be decade lower than wfl in the anti-islanding algo-
rithm, so that the change in current magnitude due
to voltage regulation and anti-islanding do not
counteract each other. The setting of 0.01 Hz cor-
ner frequency will also allow the DG prime mover to
respond and change its power level in a time frame
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Figure 41. Variations of loop gain in dB at 2 Hz at varying load power level and gain constants for SVS.
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(of the order of 10 s) to a change in the measured
output voltage.

The range of values for the SFS and SVS gain
determined from the above analysis provides design
space for time domain simulations of the DG sys-
tem. The time domain simulations are application
dependent and need to be considered on an indi-
vidual basis. The time domain simulations will pro-
vide acceptance trade off curves between the time
to detect island and harmonic distortion.

423 Time-domain simulations
Detailed time domain simulations of the system
have been carried out with passive and active loads
using the SVS and SFS algorithm described in the
previous sections. The circuit considered for the
time domain simulation is shown in Figure 43. The
following cases are described below:

¢ RLC load without anti-Islanding algorithm

¢ RLC load with anti-Islanding algorithm

® Motor load having high inertia

® Motor load with low inertia.

The gains of the SFS and SVS algorithms were
selected to be within the range obtained from the
analysis in the previous sections. However, a
detailed trade-off study has not been performed to
pick optimum gains. The gains for all the above
cases studied are the same—

* Gain setting for SFSis 10

* Gain setting for SVSis K, = 2 and K, = 2—i.e,,
a sum of four for the case with DG supplying
rated load at unity power factor.

* The DG power level is 5 MW and it injects cur-
rent into the grid at unity power factor.

RLC load without anti-islanding algorithm:

The RLC resonant load was first tested without any
anti-islanding protection. The waveforms for this
case are shown in Figure 44. It can be observed
from the voltage and current waveforms, that the
DG continues to feed the RLC load and forms an
island. The frequency and voltage drift by a small
amount due to a minor difference in RLC values
and due to the small numerical mismatch between
the real and reactive power in the load and genera-
tor. However, the drifts in frequency and voltage
magnitude are not sufficient to detect an islanding
situation in an acceptable time frame (based on the
passive anti-islanding limits on voltage and fre-
quency set according to IEEE P1547).

RLC load with anti-islanding algorithm:

Figure 45 depicts the voltage and current at the DG
terminals for the RLC load, for the case where the
active anti-islanding algorithm is enabled. The sys-
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tem was islanded at time 0.70037 s by disconnecting
the grid. The DG detected the island and tripped
due to a drift in the frequency because of the active
anti-islanding algorithm.

Motor load with high inertia and anti-islanding
algorithm:

The nextload considered is a three phase induction
motor load with a high inertia (J ,y) = 2.6s). The
motor operates such that the entire 5MW generated
by the DG is consumed by it. The reactive power
consumed by the machine is fully compensated by
capactor banks at the 13.2 kV bus (Figure 43). The
settings for the algorithm are the same as for the
other cases. Figure 46 shows that the DG has a ten-
dency to drift on. The trip is finally detected at
around 1.92's.

Motor load with low inertia
For the case shown in Figure 47, the motor inertia is
0.4 s (p.u.) with all other parameters remaining the
same. The DG, which acts as a current source, accel-
erates the motor after being disconnected from the
grid. As a result, the anti-islanding algorithm
detects the frequency drift beyond the limit points
and trips. The trip time in this case is reduced to
0.328 s.
424 Summary
¢ The DG without active anti-islanding has a ten-
dency to island for a resonant RLC load, thus
creating a number of possible hazardous con-
ditions for the system.
® The single phase Sandia anti-islanding algo-
rithm can be effectively adapted for three
phase DG applications. In frequency domain it
has been observed that the loop gains did not
vary with the load type. The algorithm when
tuned for rated DG power level will be effective
under all realistic operating conditions.
¢ The algorithm is not as effective for some
induction motor loads. In particular, large
inertia loads with significant reactive compen-
sation. More research is needed to fully quan-
tify these loads and to investigate anti-islanding
alternatives.

43 RECLOSING

Reclosing of breakers after a temporary fault is a
common practice to prevent interruption of supply
to end customers. The fault clearing breakers are
delayed from closing after a fault to allow the fault
path to deionize.?® The time delay provided for
reclosing is generally determined by the nature of
the load, which the recloser is protecting.
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4.3.1 Out of phase reclosing
The introduction of DG adds to the complexity of
the issue. Normally, with anti-islanding protection,
the DG will trip off-line when grid is disconnected.
However, the possibility of DG run-on always exists.
If the DG continues to feed an island with motor
loads and capacitive components, a situation may
arise wherein, the recloser closes onto an island
when the grid and DG voltage are not in phase, or
out of phase in worst case. The out-of-phase reclos-
ing will cause overvoltage and large inrush current,
which may damage equipment in the system.
Appropriate relays required to prevent such an
occurrence are rarely installed along with distribu-
tion reclosers. This section will illustrate the effects
of out of phase reclosing on the distribution net-
work.

The circuit considered for this case study is
shown in Figure 48. For a typical distribution net-

Grid

&)

Feeder 1

Recloser —p» CB Grid CB

cap J_ ‘
13267 2 1.3M\‘AII NI CREEL
oaskv Y1 T\ﬁ 0.48kV

CB G DGCB
@ SMW

SMVA
DG

Figure 48. One line diagram of the circuit used to study impact
of reclosing.

work, induction motors comprise a large percent-
age of the total load. Capacitors are also commonly
present in the system for voltage regulation or
power factor correction. Cables and lines will also
contribute stray capacitance to the system.

The DG is controlled to supply rated power at
unity power factor. The capacitors on the 13.2 kV
bus provide voltage support by compensating the
reactive power needed by the motor. The capacitor
provides about 1.3 MVar ensures that there is no
reactive power miss-match when the recloser opens.

If the DG runs on when the grid is disconnected,
a small frequency difference can lead to a large
phase angle difference between the DG and the
grid. Given a typical recloser delay time setting and
islanded DG frequency, the phase shift of the grid
and DG may not be very large by the time of reclos-
ing. However, to evaluate the worst-case conditions,
this study will look at reclosing with nearly 180° out-
of-phase conditions.

To illustrate the impact on the presence of DG
on reclosing, the following scenarios are studied:

¢ Three phase reclose with motor load of high
inertia with DG.

¢ Three phase reclose with motor load of high
inertia without DG.

¢ Three phase reclose with motor load of low
inertia with DG.

¢ Three phase reclose with motor load of low
inertia without DG.

Three-Phase reclosing with high-inertia Motor Load
and with DG

The recloser disconnects the DG from the grid and
the DG continues to supply the island with the
motor load and the capacitor. The voltage of the
island drifts out of phase from that of the grid due
to a slight unbalance in the loads and also due to
the active anti-islanding algorithm can lead to fre-
quency shifts. The recloser is closed when the grid
and DG are 180° out of phase in phase A, at around
0.763 s, as shown in the Figure 49. This results in
the characteristic ringing in the voltage, with over-
voltages more than 2 p.u. This voltage magnitude
may be sufficient to damage utility and customer
equipment, including surge arrestors.

Due to the reclose, nearly twice the rated volt-sec-
ond is applied to the motor terminals resulting in a
heavy inrush current in the motor. Magnetic satura-
tion characteristic, which is not represented in the
simulation, can lead to even larger inrush current.
This current is supplied by the grid, since the DG is
controlled as a current source with current limit.
The currents supplied by the DG, grid, and that
drawn by the load are shown in Figure 50.

Three-Phase reclosing with large inertia motor load
and without DG

As a comparison, the reclosing was simulated for a
system with the grid supplying the motor and capac-
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50



4.4 Power system dynamics and stability

itor load only without DG. A 180° phase shift is set
before reclosing for consistent comparison. In this
case, it is assumed that the large inertia and flux in
the machine along with the capacitive compensa-
tion sustains the voltage of the load system. The
waveforms obtained are shown in Figure 51.

The results indicate that any element in the
power system that can store sufficient energy and if
it can sustain an island can lead to out of phase
reclosing. The oscillations observed in the case
without the DG have a larger magnitude and last for
a longer time as compared to the case with the DG.
This indicated that the DG, in this example, pro-
vides some damping to high frequency oscillations.

Three-phase reclosing with low-inertia motor load and
with DG
It is common for the machine loads in a distribu-
tion feeder to have lower inertia. Hence, the impact
of the reclosing on an island with a low-inertia
(0.4 s) motor is studied both with and without DG.
Typical waveforms observed are shown in
Figure 52. The reclosing is carried out 0.3 s after
the trip. If the reclosing time is further increased,
the DG will trip because of undervoltage. The
capacitive compensation and the power injected by
the DG is such that the real and reactive power
drawn from the grid is close to zero. In this case, the
voltage dips to a low value at the time of the reclos-
ing. Hence, the voltage overshoot observed is of
reduced magnitude compared with reclosing on
high-inertia case. Figure 53 shows the currents of
DG, grid and the motor load. The current inrush
into the machine is lower because of the reduced
back emf. The motor acceleration time is smaller
than normal start up. However, the peak inrush cur-
rent is larger than that for motor startup, as shown
in Figure 54.

Three-phase reclosing with low-inertia Motor load and
without DG

For comparison, the case with low-inertia motor
and without DG is simulated. The waveforms
observed for this case are as shown in Figure 55. In
this case, due to the residual voltage is nearly zero,
the worst case overvoltage should be smaller than
the case with a DG. The inrush current after reclos-
ing, as shown in Figure 56, is practically the same as
during motor startup.

A comparison of the motor speeds, rotor fluxes
and torques for the two cases, low-inertia motor
with and without DG, respectively, is shown in
Figure 57. It can be seen that the DG tends to hold
the motor speed for a longer time as compared to
the case without the DG.

432 Summary
¢ If the DG real and reactive power is matched
and with improper settings of anti-Islanding
algorithm can result in the formation of an
island. This results in the DG feeding the
motor and/or resistive and capacitive load in
the absence of grid. Large inertia motors loads

with capacitive compensation can also lead to a

sustained island even without any DG.

¢ The difference in the frequency between the
islanded DG/load system and the grid can
result in out-of-phase reclosing. The possibility
of this occurring is relatively rare. However,
when it occurs, the impact on the system is very
severe. For example:

— There is the potential for high peak volt-
ages during reclosing that can affect surge
arrestors in the utility system.

— High inrush currents caused by reclosing
can damage the motor and trip other
breakers in the system.

¢ An out-of-phase reclosing will have significant
adverse effect on the system. To prevent this,
effective anti-islanding controls should be
incorporated so that the DG will trip off-line
before a reclosing event can take place.

44 POWER SYSTEM DYNAMICS AND STABILITY

441 Introductory dynamics discussion
In analysis of bulk power systems, the presence of
distributed generation has normally been aggre-
gated, or netted out, with the loads. However, the
response of distributed generation to perturbations
of voltage and frequency, and more important, to
large disturbances such as faults, is potentially very
different than that of loads. Thus, when systems
begin to have significant penetration of DGs, a wide
range of fundamental (power) frequency issues
arise, such as:

¢ Voltage profile

Short circuit current levels

Active and reactive power flows

Thermal (current) loading on circuit elements

Transient stability (maintenance of synchro-

nism)

Dynamic stability (damping of electro-mechan-

ical oscillations between generators)

Voltage stability and collapse

Reactive power control and management

Frequency control

Power interchange control
In this section, power system dynamic simula-
tions are shown that help illustrate the impact of
DG on each of these areas of concern. This exami-
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Table 5 P2 distributed generation initial conditions and capabilities

DG bus name Active power output Reactive power output Voltage/frequency regulation
B1-3 1700 kW 0. Yes/Yes
D1-1 200 kW -100 kVAr No/No
F1-1 1500 kW 0. No/No
D2-1 100 kW 0. Yes/No
G2-1 2900 kW 1200 kVAr Yes/Yes

nation starts by considering the behavior of a local
distribution system, then continues on to consider
an entire power grid. Finally, the dynamic aspects of
microgrids are examined.

4.42 Local distribution system stability issues

One class of dynamic impact of immediate concern
is the potential for DG to alter the local dynamics of
a specific subsystem or distribution feeder. This
becomes a concern when there is a significant pene-
tration of DG relative to the total load power on
that feeder. Such localized concentrations are likely
to occur, even before DGs become more common-
place. Thus, there is some urgency for the power
industry to understand the possible impact of
locally high concentrations of DG.

Discussion of P2 system

The P2 system, as shown in Figure 4 serves to illus-
trate behaviors of interest. The five DGs in system
P2 were selected and modeled as a variety of device
types in the fault scenarios presented below in
Table 5. The table shows the active and reactive
power output of the DGs in the base case, and
whether the devices were provided with the capabil-
ity to regulate voltage or frequency. (In subsequent
sections, the DGs were modified en mass to provide
different dynamic characteristics (e.g., with anti-
islanding), but these initial power conditions apply
to all cases. This illustrates one type of DG diversity
that might be encountered on a distribution feeder
that evolves in such a way that individual customers
add DGs in a largely unplanned and uncoordinated
fashion.

Local voltage hehavior without high level controls

An example of one potential impact is presented
below in Figure 58. This figure shows results of
three time simulations of a lateral fault on the 12 kV
distribution feeder. One voltage at a location along
the feeder is plotted for each of the three cases. The
feeder serves about 14 MW of load. Of that load,
about 6.4 MW is provided by DGs, which corre-
sponds roughly to a penetration of about 45% DG.
The case illustrates the potential impact of DGs trip-
ping due to the fault induced voltage depression. In
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one case, all of the DGs are presumed to trip by the
time the fault clears. This case results in a transient
voltage collapse as the motor load served by the
feeder stalls. (About 60% of the total load is mod-
eled as induction motors of various types, including
some machines that are prone to stalling). The
traces which recover represent cases where either
none or a modest fraction of the DGs trip.

The mechanism by which the DGs might trip fall
into two categories:

¢ inverter control failures, i.e. inadvertent trip
¢ anti-islanding trips, i.e. deliberate trips.

The case illustrates that there may be some sys-
temic risks, if DGs are designed (or specified) in
such a fashion that they are likely to trip for other-
wise survivable disturbances. It should be pointed
out that there is no reason why the DGs would nec-
essarily trip under this condition; rather, this is a
cautionary illustration.

Impact of various control on local dynamics

The behavior of DGs imbedded in distribution sys-
tems will be governed in part by the types of con-
trols provided. The results shown in Figure 58 are
for a system with all the DGs having the simplest of
controls: constant current. The following is a very
brief discussion of possible higher level controls
that might be provided with DGs.

Constant power control

This type of control is one level higher than the
constant current control inherent to the basic
inverter controls. This type of control will likely be
the natural default for inverter-based devices for
which optimum performance is obtained with
steady-state operation of the energy source. For
grid- parallel operation there is no requirement
that the energy source actively respond to system
disturbances. For some devices, cleaner and more
efficient operation may result from constant power
operation.

Voltage control
Voltage control on DGs has the potential to compli-
cate voltage and reactive power management on
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distribution systems, as discussed in section 3.1. On
the other hand, the discussion in section 3.2 on
flicker illustrated some examples of how voltage
regulation has the potential to improve system per-
formance. Voltage regulation is a requirement for
isolated operation

Frequency control

This type of control is a yet higher level control
than the constant power control. This type of con-
trol will be required for islanded operation, but will
not normally be applied to grid-connected devices.
Frequency control will (generally) direct the DG to
increase power output in response to frequency
depressions. This function is normally done by the
central station generation that provides spinning
reserve. Issues related to frequency regulation are
examined later in this section.

Appendix F presents the results of a sequence of
cases, similar to that shown in Figure 58. In each of
the cases in the sequence, the lateral fault is applied
and cleared, and a varying number of DGs are trip
during the fault. The sequence shows the impact on
system response of adding—

¢ Constant power control

* Voltage control with relatively high gain regula-
tors

* Voltage control with moderate gain voltage
regulators

* Combinations of constant power and voltage
regulators

The overall response of the distribution system is
only moderately impacted by these various control
schemes. The voltage profile on the distribution
feeder is improved in the cases with voltage regula-
tion. The high gain voltage regulation rapidly
returns the voltage to nominal. This performance is
unnecessarily aggressive for most applications. The
voltage behavior with the more moderate gain volt-
age regulators is good. The presence of constant
power regulation has little impact for these cases.

Impact of various anti-islanding functions on local
dynamics

The anti-islanding control discussed in detail in sec-
tion 4.2 has potential to affect the dynamics of the
distribution system. The detailed Saber representa-
tion of the anti-islanding schemes (Figure 46) trans-
lates approximately into a fundamental positive
sequence model, of the structure presented in the
Models and Virtual Test Bed report.” Figure 59 shows
this structure, with the anti-islanding schemes high-
lighted (in red). The anti-islanding schemes work
through two paths of the inverter control. The first
path, termed SFS scheme according to section 4.2,
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primarily affects the power output via the current
magnitude control, in response to voltage devia-
tions. The second path, termed SVS scheme accord-
ing to section 4.2, primarily affects the
synchronization of the DG, through the angle, in
response to frequency deviations. These two
schemes can be applied independently or together.

As discussed earlier, the design philosophy of
these anti-islanding schemes is to destabilize the
island, causing or allowing it to be shut down. The
intent of this investigation was to illustrate how an
islanded distribution system, with multiple DGs and
with dynamic (motor) loads would respond to an
islanding event. The case presented in Figure 60 is
based on a condition when the distribution system
island has good power balance with the host grid.
The distribution system is slightly exporting to the
host utility. The distribution system is disconnected,
without a fault event, from the host utility. This is
the condition of primary concern for anti-islanding
schemes, since significant import or export will
cause rapid instability and shutdown of the islanded
system, without any special control action required.

Figure 60 shows four traces for each of frequency
and voltage on the islanded distribution system. In
each of the four traces, the DGs have no constant
power control or voltage regulation functions. The
upper set of traces is frequency, and the lower set is
of voltage. The first trace (red) shows the behavior
of the system with no anti-islanding control. The
system becomes unstable over a period of about two
seconds. The black trace shows the behavior of the
system with only the SFS scheme enabled, and the
blue trace shows the behavior with only the SVS
scheme enabled. Finally, the green trace shows the
destabilization with both schemes enabled. This
final condition becomes unstable within about one-
half second, roughly four times faster than without
anti-islanding.

The interaction of the controls discussed above,
and the anti-islanding controls is interesting. A
sequence of cases, based on the simulation shown
in Figure 60, was executed illustrating the potential
interaction between other control functions and
the anti-islanding schemes. This sequence shows
how the two the anti-islanding schemes interact
with the constant power control and with the volt-
age regulation function discussed above.

Appendix F includes the detailed results of all these
combinations. The key results form these cases can
be summarized as follows: The constant power con-
trol defeats the SFS scheme. The case with the con-
stant power control and only the SFS scheme

enabled is stable and allows continued operation of
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the island (which in this case is not the desired out-
come.) The voltage regulation function defeats all
the anti-islanding controls, regardless of the combi-
nation of schemes and constant power control.

The general trend is not surprising: voltage and
power controls, which are primarily aimed at stabi-
lizing the system and the DG (respectively), tend to
decrease the effectiveness of the anti-islanding
schemes. It should be emphasized that this
sequence of cases represents a single set of control
gains and structures. Different gains and control
designs would undoubtedly result in different per-
formance which could be perfectly acceptable.
However, the cases do illustrate one fundamental
point: these types of anti-islanding schemes are at
odds with the other normal control functions exer-
cised by generation. This is a significant result, in
thatin the future, successful design of anti-islanding
schemes may need to take into account the evolu-
tion of DG control requirements for system func-
tions

4.43 Bulk system stability issues

In bulk power systems, events on the major trans-
mission corridors or those involving major generat-
ing facilities will be felt electrically over the entire
system. For example, events of the past few years in
the western U.S. have made the general public
aware that disturbances in the Pacific Northwest can
impact the desert Southwest (and vise-versa).

In the longer term, there are predictions that DG
will become a significant factor in meeting total
generation requirements for entire power systems.
Such widespread deployment of DG is clearly far-
ther in the future than the localized high concen-
trations discussed above. The widespread
deployment of DG raises questions about the
impact on dynamic performance of the bulk power
system.

In this section, simulations of disturbances on
the WSCC system (the western North American
grid, comprising all of the continental U.S. and
Canada west of the Rockies) are presented to illus-
trate various potential impacts.

Impact of DG penetration on bulk system dynamics
Figure 61 shows the voltage response of a 500 kV
bus (Malin) in WSCC following a single line fault
and trip event on the Raver-Paul 500 kV circuit in
Washington. One trace represents the base condi-
tion, the others represents conditions of increasing
DG penetration up to an incremental 20%. In each
case with DG, the additional DG is accompanied by
a corresponding amount of incremental load. All
the DGs are uniformly distributed at equivalent

58

load buses in the data set, and sized in proportion
to the load served. Thus, the power flows on the
bulk power system are not significantly different in
each of the cases. The frequency response of the sys-
tem, as reflected in one key machine (the Colstrip
plant in Montana), is shown in Figure 62

Interestingly, the case with DG and much higher
system loads shows better dynamic response than
the base case. The maximum voltage and frequency
excursions are less, and the oscillations show very
slightly better damping. This behavior is with no
active voltage control and with constant current
output; i.e. with a very simple control structure.
The case illustrates that if widespread deployment
of DG occurs at the loads, as would be expected, the
potential impact on system dynamic performance
appears to be benign or beneficial.

Impact of anti-islanding schemes on bulk system
dynamics

The previous case showed the impact of widespread
deployment of inverter-based DGs with basic con-
stant current controls. The following case shows the
response of WSCC following an unusually severe
event. In this case, a very large power station with
multiple units, the Palo Verde NPS, generating over
3000 MW, is assumed to be tripped off-line by some
common-mode disturbance. (It should be noted
that this disturbance is more severe than standard
‘N-1" planning criteria. WSCC criteria dictate that
the power system should survive this disturbance,
but limited customer interruptions are allowable
for events of this severity.)

Figure 63 and Figure 64 show the same two volt-
age and speeds as presented above. In these figures
one trace (red with circles) represents the base con-
dition, the next (green with crosses) represents a
condition with twenty percent DG penetration,
serving an incremental 20% of the system, and the
third (blue with stars) represents a twenty percent
DG penetration with all DGs equipped with anti-
islanding protection (of the type presented in sec-
tion 4.2). The case illustrates that the aggregate
impact of the anti-islanding schemes (SVS and SFS)
is benign to the system performance. The voltage
and frequency excursions for all cases are severe.
The DG case shows a very slight improvement in
voltage recovery and damping of the oscillations,
and modest degradation in the recovery of the fre-
quency. The combination of higher system load and
DGs causes the slow deep system-wide frequency
excursion to be somewhat worse than in the base
case. This is essentially unaffected by the anti-island-
ing schemes. However, the anti-islanding schemes
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Figure 61. bulk system voltage dynamics with increasing levels of DG penetration.
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do contribute positively to damping the faster oscil-
latory modes of the system. This can be seen by
comparing the green and blue traces in Figure 64.
These results are specific to this particular control
scheme and set of parameters.

Impact of DG tripping on bulk system dynamics
Interconnection standards for DG, including P1547
and several state standards, include ore are trend-
ing towards the inclusion of requirements for und-
ervoltage and underfrequency tripping of DG.
These requirements are directed at ensuring that
DGs rapidly disconnect in response to problems on
the distribution system. However, since large-scale
disturbances can cause widespread voltage and fre-
quency excursions, this requirement raises some
concerns about its potential impact on bulk system
dynamics.

Most of the new standards and guidelines dictate
that DGs disconnect when voltages drop below 70%
for a specified period. This maximum period gener-
ally ranges from ten cycles to two seconds. It is
important to note that these documents specify the
minimum voltage and the maximum time to trip.
Thus, DGs will be in violation if they trip slower or
at too low a voltage. However, the DGs may trip
faster and at higher voltages than this without viola-
tion.

The next five figures present the results of a
sequence of cases in which fast undervoltage trip-
ping of the DGs is applied. The disturbance for
these cases is the same very severe event as shown in
the previous case: tripping of a large multi-unit
power plant. In each case there is 20% DG penetra-
tion, as described above.

Figure 65 shows the voltages at the 500 kV Malin
bus for three conditions: The first trace (red with
circles) is the base case, with no undervoltage trip-
ping of the DGs. The second trace (green with
crosses) is for DGs that are set to trip when the volt-
age falls below 70%. The voltage excursion for the
70% case is outside of WSCC criteria for most dis-
turbances. The third trace (blue with stars) is DGs
that trip when the voltage falls below 90%. The case
with the 90% trip point is very unstable.

Figure 66 shows the speed of the Colstrip
machine. The unstable 90% case causes such a
severe power deficit in the load areas, that Colstrip
loses synchronism with the rest of WSCC. This
results in the speed going high (The simulation is
stopped at that point, since the entire WSCC system
is cascading into widespread blackout). The 70%
case shows a deeper frequency excursion, with a
slower recovery. The results are somewhat alarming.

The widespread voltage depression due to the fault,
causes many DGs throughout the system to trip,
which in turn leads to a cascading failure of the
entire network.

Figure 67 shows the power flow on Path 15, in
central California. In this plot, the first trace (red
with circles) is for the 70% voltage trip case, and the
second plot (green with crosses) is for the 90% case.
Before the disturbance, Path 15 is carrying approxi-
mately 300 MW (north to south). Following the dis-
turbance and the widespread trip of DGs, the flow
jumps to over 2000 MW. Figure 68 shows a similar
behavior on the California-Oregon interface (COI).
On that interface, the flow jumps from about
3300 MW to well over 5000 MW.

Figure 69 shows the cumulative behavior of the
DGs that drives the response shown in the pervious
figures. This plot shows the amount of DG that is
tripped due to undervoltage. Again, the first trace
(red with circles) is for the 70% voltage trip case,
and the second plot (green with crosses) is for the
90% case. The voltage depression during the fault
causes about 1000 MW of DG to trip before the
fault is cleared. Once the fault is cleared, the system
voltages recovery is sufficient such that no addi-
tional DGs trip. In the case of the more sensitive
90% trip point, approximately 5000 MW of DG
(about one-quarter of the total) trip during the
fault. The subsequent widespread power shortage,
due to the DGs tripping, causes a cascading failure.
Over the course of the next few seconds, several
thousand more MW of DG trip. The exact details
are relatively unimportant, since the system is
beyond the point of no return within a fraction of a
second following the fault clearing.

To better understand the risk of DGs tripping in
response to fault induced voltage dips, it is useful to
look at the geographic distribution of voltage.
Figure 70 shows the voltages of several 500 kV loca-
tions in WSCC, in response to the trip of entire Palo
Verde station. The sequence of voltages ranges from
the California-Oregon border (the deepest voltage
dip) to southern California (the shallowest dip).
This plot makes it easy to see that the more sensitive
the DGs (i.e., the high the trip threshold) the
broader the geographic (and electric) area that will
be subject to DGs tripping. It is also interesting to
note that deepest voltage dip for this particular
event is geographically the farthest away of the four
locations plotted.

444 Microgrid dynamics

One business and technical structure that shows
promise as a means to take full advantage of distrib-
uted generation is the microgrid. Microgrid is a
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Figure 65. Bulk system voltage dynamics with low voltage DG tripping.

64




4.4 Power system dynamics and stability

a:ai\20-ip-paloverde-nai.chf
labell b:vtrip\20-pv-vtrip70.chf
c:vtrip\20-vtrip90.chf

Wed Sep 19 18:05:36 2001

-

.0100

-

0080

-

.0060

-

.0040

-

.0020

-

.0000

o

L9980 | —

o

L9960 | —

o

L9940 | —

o

L9920 | —

.9900 ‘ ‘ ‘

o

0.00000 Time, sec. 20.0000
0.9900 a (0] spd 62050 COLSTP 1 22.00 1 1.0100
0.9900 c * spd 62050 COLSTP 1 22.00 1 1.0100

WESTERN SYSTEMS COORDINATING COUNCIL
2000-01 HW1A-OP

Current file selected from 3 different files
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Figure 67. WSCC Path 15 power flow dynamics with low voltage DG tripping.
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Figure 68. WSCC California-Oregon interface power flow dynamics with low voltage DG tripping.
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Figure 69. Cumulative DG tripping in bulk system due to low voltage.
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loosely defined term that describes a small power
system, generally with multiple generators and
loads. Concepts for microgrids fall into two general
categories:
* Systems that are intended to always be oper-
ated isolated from a large utility grid
* Systems that are normally connected to a
larger grid.

Conceptually, the isolated microgrid is like a
scaled down version of a largescale utility grid.
Many of the technical requirements are the same.
In order to supply reliable, quality power, the micro-
grid must have mechanisms to regulate voltage and
frequency in response to changes in customer loads
and in response to disturbances.

For the grid-connected microgrid, the distinc-
tion is more subtle. The basic concept is that the
microgrid be designed and operated such that it
presents the appearance of a single, predictable and
orderly load or generator to the grid at the point of
interconnection. This arrangement provides several
potential advantages for all of the stakeholders:

¢ DG owners may be able to rate and operate
their generation more economically, by being
able to export (and import) power to the
microgrid.

¢ The microgrid takes advantage of load diversity
to reduce the total installed DG capacity
required.

® The load customers may be able to have con-
tinued service (possibly at a reduced level)
when connection to the host utility is lost.

® The host utility may be able to depend on the
microgrid to serve load customers in such a
fashion that substation and bulk power infra-
structure need not be rated (or expanded) to
meet the entire load, as if the DG were not
present. (This last point is a major, legitimate
obstacle to DG.)

¢ The microgrid could be controlled in such a
fashion as to be active asset to bulk system reli-
ability (for example by providing spinning
reserve or black start services, to name two.)

In order to realize these potential benefits the
DGs in the microgrid must have, at the least, addi-
tional controls. Further, most of these potential
benefits require some level of coordination and
communication. These controls, which are basically
aimed at making viable islands, are largely incom-
patible with present industry trends and the
requirements of current interconnection standards.

In this section, the P2 distribution system is oper-
ated as a microgrid. This system includes many of
the basic constituents of a microgrid, making it suit-
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able for exploring many of the dynamic perfor-
mance issues surrounding microgrids. The system
includes multiple DGs, a range of loads with varying
dynamic characteristics, and a simple grid structure
(the tie between the ends of two feeders is closed
for the cases presented here.)

Microgrid dynamics with autonomous controls

The ability of a grid-connected microgrid to survive
loss of connection to the host utility depends on a
number of factors. The microgrid must have suffi-
cient dynamic regulating capability to be able to tol-
erate the change in both active and reactive power
flow that will result from loss of the utility tie. This
means that at least some of the DGs must have both
voltage and frequency regulation functions.

The following four figures show the results of a
sequence of simulations on the P2 system. For these
simulations, all five of the DGs on the microgrid are
inverter-based devices with voltage and frequency
regulation capability, limited according to their
individual rating. The controls are the proportional
controls presented earlier, and are autonomous, i.e.
there is no coordination or communication
assumed between them in the time frame of the
simulation. In each case, the microgrid is discon-
nected from the host utility by opening the substa-
tion breaker.

Figure 71 shows the voltage traces at one bus
(the D2 bus) for four different initial conditions:
The first trace (red with circles) is for an initial con-
dition of importing 2 MW, or about 20% of the
microgrid load, from the host utility. The system
response is unstable for this case. The second trace
(green with crosses) is for an initial condition of
about 1 MW import. The third race (blue with
stars) is for a nearly balanced initial condition, and
the fourth trace (teal with pound symbols) is for an
initial export of about 1 MW. Figure 72 shows the
corresponding frequency traces. Figure 73 shows
the active power output of one of the DGs, and
Figure 74 shows the reactive power output of that
same DG.

There are several observations that can be made.
The most obvious is that the microgrid can operate
stably following disconnection from the grid with
autonomous proportional controls, as long as the
power export (or import) preceding the distur-
bance is not too large. For this case, ‘too large’” was
somewhere between 1- 2 MW (or roughly 10 and
20% of the microgrid load). In general, to be viable
the DGs on the microgrid must have sufficient
range to pickup the change, and they must respond
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Figure 72. Microgrid frequency following islanding from bulk system.
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Figure 73. Active power output of DG at bus D2 following microgrid islanding from bulk system.
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Figure 74. Reactive power output of DG at bus D2 following microgrid islanding from bulk system.
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quickly (and stably). In other words, the microgrid
must act like a regular utility grid—at least in this
time frame.

The behavior of an isolated microgrid presents
similar requirements. Again, as with a large conven-
tional utility grid, the isolated microgrid must retain
sufficient regulating reserves to allow it to respond
to system disturbances. One disturbance that the
microgrid must tolerate is loss of one of the DGs.

Figure 75 shows the response of the P2 system to
trip of one DG. Unlike the previous sequence of
cases, the initial condition for this disturbance was
already islanded. The figure shows four traces. The
disturbance is trip of one DG, which is initially pro-
ducing about 1.5 MW. The first trace (red with cir-
cles) is the active power output of one of the four
remaining DGs. The second trace (green with
crosses) is the reactive power output of the same
DG. The third trace (blue with stars) is the fre-
quency. The fourth trace (teal with pound symbols)
is the terminal voltage of the same DG.

The response shown in Figure 75 is relatively
complex. To understand the response, it helps to
remember that the inverter-based DGs are limited
in the current that they can deliver. In this distur-
bance, loss of the DG initially causes the frequency
on the microgrid to drop rapidly. This can be seen
clearly in the first half second following the DG trip
(blue trace is dropping). The frequency regulation
function (governor function) responds by increas-
ing the active power output of the DG (red trace
rises in the same time period.) In the same time
period, the voltage (teal) steps up but then begins
to decline as well. The voltage regulation function
responds initially by dropping the reactive power
output, but then boosting it as the voltage declines
(green). Just before two seconds, a dramatic change
occurs. This is because the DG inverter has run into
its current limit. At this point, this particular con-
trol is designed to give active power priority over
reactive power. Therefore the reactive power drops
to zero (green) trace, and the active power current is
pegged at the maximum until about three seconds.
The active power (red) droops a bit in the middle
of this time period, because the voltage (teal) drops
abruptly in combined response to the system swing
and the reduction in reactive power output. (The
active power output is the product of the active
power current, which is pegged, and the voltage
which droops.) The system survives the swing, and
inverter comes out of current limits at about three
seconds, restoring the voltage regulation function
as well.
grid, so as to minimize the microgrid’s impact on

This case helps illustrate several points of inter-
est. First, it is possible for microgrid with autono-
mous DG controls to tolerate upsets and operate
stably. Second, it shows that the behavior of the DGs
when pushed against limits can be an important fac-
tor in whether a system survives an upset. The case
illustrated shows only one possible control response
to hitting limits. Others could be devised and have
been proposed. It is not clear from this one exam-
ple, which control strategy is most robust and likely
to give the best performance over the widest range
of possible conditions.

Microgrid dynamics with supervisory control

The cases above show that autonomous controls of
DG hold promise for providing acceptable dynamic
performance in the time immediately following sys-
tem upsets. Coordinated or supervised control may
widen the window of events that can be successfully
tolerated by the microgrid. Another aspect of
microgrids mentioned in the introduction to this
section, is the potential to provide a controlled and
limited burden on the host utility. In order for the
entire microgrid to present such a limited burden
requires some type of supervisory control. In this
section, one such supervisory control is tested.

The case shown here is the microgrid response
to a load trip. For this case, the micro grid initially
exports power to the host grid. The supervisory
controller is based on a typical automatic genera-
tion control (AGC) that would be used to control
power exchange between two bulk power systems.
In this case, the objective of the supervisory control
is to quickly return the power exchange between
the microgrid and the host grid to a specified level.
The traces in Figure 76 show (1) the power
exchange with the grid, measured at the substation
(the green trace with crosses) and the (2) power
command signal sent to the DGs within the micro-
grid that are under supervision. For this control,
deviation of the power exchange with the grid from
the initial condition provides the input signal
(error) to the controller. The output signal com-
mands the DGs on the microgrid to adjust their out-
put—downwards in this case. For this event, the
power is returned to the scheduled level within a
minute. This response could be made faster or
slower, depending upon the physical and contrac-
tual requirements of the systems. Appendix G
includes figures with show voltage, frequency and
active and reactive power traces for this case.

This case illustrates that a microgrid could be
controlled in a similar way to that of a large utility

the host utility.
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% labell kpE=40\mg2-isl-dg-kp£40.chf
Mon Sep 17 10:49:19 2001 d:\dg\nrel\p2sys\cases\nrel-mgrid5-isl.sav

q fa
A
0.00000 Time, sec. 5.00000
0.0500 O pac 2041 D2-1 0.24 pa 1 0.1500
58.500 * fbus 100 mGrid 1 12.50 1 60.500
Load Trip
System 2

Trip DG at buses 1061

Figure 75. Response of to trip of one DG on microgrid initially operating islanded.
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Figure 76. Power exchange and control response to load trip within the microgrid with power balancing supervisory control.
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4. Protection and Reliability Case Studies

445 Power system dynamics summary

The presence of distributed resources on the power
system has the potential to affect system dynamics.
Several cases were presented in this section, which
help illustrate these effects. The cases cannot be
considered comprehensive enough to allow defini-
tive conclusions to be drawn, however, several
observations about the behaviors presented can be
made:

Observations on local dynamics
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* Local distribution system dynamics are most

affected by DGs trips.

DG controls do not have a major impact on
local dynamics when the connection to the
host utility is maintained.

¢ Anti-islanding schemes (of the type tested

here) appear to be effective at destabilizing
islands containing multiple DGs and loads with
relatively complex dynamics.

* Voltage and power regulation tend to act con-

trary to the anti-islanding schemes.

Observations on bulk system dynamics
¢ Widespread penetration of DGs at the load

appears to be benign with respect to system
response to bulk system disturbances.

¢ Anti-islanding schemes (of the type tested

here) appear to have little impact on system
response to bulk system disturbances.

e Aggressive tripping of DGs in response to und-

ervoltages appears to present a substantial haz-
ard to the bulk system, and was shown to bring
down the entire U.S. western system in one
extreme case.

Observations on microgrid dynamics
* Microgrids appear to be viable, within limits,

when DGs are provided with fast autonomous
voltage and frequency controls.

Microgrid supervisory control was shown to
provide satisfactory performance in terms of
managing power exchange with the host utility
(for one illustrative case.)



Future electric power systems should be versatile
and flexible so electric energy can be freely gener-
ated, transmitted, distributed, and consumed. This
program will develop requirements that support the
definition, design, and demonstration of a DG-EPS
interconnection interface box that allows DG
sources to be interconnected to the EPS in a manner
that provides value to the end user without compro-
mising reliability or performance. The first major
task of this program is to study the DG-EPS intercon-
nection issues using a GE-designed virtual test bed
(VIB). The VTB is a simulation platform suite that
includes EPS, DG, and load models.

As part of this program’s effort to develop a DG-
EPS interconnection interface box that allows DG
sources to be interconnected to the EPS, various DG-
EPS interconnect cases were studied by conducting
simulations utilizing the GE-designed VIB as
described in Models and Virtual Test Bed Report
(reference). The results from these case studies will
enable us to make recommendations for improve-
ment to the IEEE P1547 standard as well as provide
inputs to the design of the interconnection interface
box.

The set of simulations run on the VI'B were based
on a case list compiled by the team from various
brainstorming sessions, IEEE P1547 Draft Standard,
Edison Electric Institute Distributed Resources Task
Force Interconnection Study, and literature
searches. The cases studied are grouped into two
categories: power quality case studies and protec-
tion and reliability case studies.

The power quality case studies include:
* Voltage regulation
* DG design considerations to meet power qual-
ity requirements:
— Harmonics
— Flicker
— DC current injection
— Grounding
— Unbalanced grid
The protection and reliability case studies include:
¢ Transient response and fault behaviors:
— Capacitor switching
— Fault Behaviors
* Reclosing
Anti-islanding studies
Power systems dynamics and stability
Some key findings from these initial studies of the
impact of DG-EPS interconnect include the follow-
ing:

5. Summary

Widespread penetration of DGs at the load
appears to be benign with respect to system
response to bulk system disturbances.

With significant levels of DG penetration, it will
be difficult to avoid detraction from EPS volt-
age regulation performance., While IEEE
P1547 presently requires that a DG not cause
the EPS voltage to all outside of the prescribed
regulation range, achieving this goal may
become increasingly difficult using conven-
tional approaches. EPS voltage regulation per-
formance problems due to DG can be mitigated
if there is integrated control of system voltage
and reactive power management. IEEE P1547
may need to incorporate provisions where the
reactive power output of the DG is controlled
by the EPS operator.

Simultaneous tripping of DGs in a system
dependent on the DG output can result in
widespread and severe voltage problems. Pres-
ently, P1547 is biased in favor of fast tripping in
order to rapidly detect and eliminate inadvert-
ent islands. There may need to be further con-
sideration of the fine balance between island
avoidance and making the system vulnerable to
voltage collapse.

Anti-islanding schemes (of the type studied in
this project) appear to be effective at destabiliz-
ing islands containing multiple DGs and loads
with relatively complex dynamics while having
little impact on system response to bulk system
disturbances. This is a highly complex subject,
and further investigation is highly desirable.
Inverter-type DGs will have significant benefi-
cial impact on flicker caused by system loads,
only if they have a voltage regulation function
or if they have a control scheme where they are
operated as controlled voltage sources (i.e., as
virtual synchronous generators).

Modern inverter-based DGs do not contribute
to system fault current beyond the pre-fault
operating current level. However, the current
contribution of the DG system to a single phase
fault may be greater than the three phase case
which conflicts with IEEE P1547 requirement
that ground fault current contribution of a DG
shall not be greater than 100% of the fault cur-
rent contribution of the DG to a three phase
fault. This is because the DG is a nearly ideal
current source for the positive sequence, but is
generally a constant impedance or voltage
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5. Summary

source for the zero sequence. Both are desir-
able characteristics, and the result reveals that
the wording of P1547’s single-phase to three
phase fault current ratio requirement is more
appropriate for conventional rotating genera-
tors. The wording of this requirement needs
additional consideration with respect to its
consistency with inverter-based applications.

¢ Take-aways for future DG designs:
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— Single phase Sandia Anti-islanding scheme
can be effectively extended to 3 phase DG
systems;

penetration on EPS voltage regulation per-
formance. However, local control may not
be sufficient and a system level voltage
control approach may be necessary in
many applications.

DG voltage regulation may reduce the
effectiveness of active anti-islanding
schemes.

Transformer-less DGs should pay special
attention to zero-sequence impedance
design so an effective ground can be pro-
vided.

— Inverter based DGs will have significant

beneficial impact on flicker only if they
include a voltage regulation function;

DG voltage regulation functionality may be
beneficial in reducing the impact of DG

The GE-designed interconnect interface box will
address some of the issues identified above, such as
integrated control of system voltage; reactive power
management; and communication to a supervisory
level to manage microgrid power exchange.
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